ABSTRACT 


BICKING, AMANDA MARGARET. Explorations in Fancy Braid Creation Through the 
Use of Industrial Machinery. (Under the direction of Dr. William Oxenham). 

The goal of the study was to identify how various yarns, their corresponding spool 
placement, and interlacements affected the structural and mechanical properties, appearance, 
shape, and performance of a tubular braid. By replacing one certain element or variable of 
the braid structure with a differing variable, (i.e. color, fiber, spool placement, or 
interlacement structure), a discrepancy is created, much like that of a fancy yarn. 

Though there are many braiding apparatuses available for braid production, the Cobra 
450 Maypole braider was chosen to fabricate the experimental products due to its ease of 
operation, manipulation, and spool replacement. A standard twenty-four spool Maypole 
braider, the Cobra 450 produced hollow braids that allowed the structure to be utilized with 
or without a core; the machine was also capable of fabricating flat braids through the 
depression of the tubular structure and stitching the braid flatly in place. In addition, a 
Herzog winder was used to prepare spools for the braiding machine and a tensile tester was 
used in further studies to test properties of the braids produced. 

Preliminary work was designed to concurrently procure an assortment of braid 
samples and provide self-training on the braiding apparatus. By producing a series of braids, 
an improved comprehension of machine settings, material choice, and placement of yarns 
was achieved, while simultaneously fabricating a heightened design aesthetic in producing 
visual effects. Experimental studies within the preliminary work included color pattern 
development and structural effects, whereas quantitative-based experimental work reviewed 



the tensile effects of different interlacement structures and varying material selection. An 
analysis of all experimental findings is presented within the following research. 
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CHAPTER I 


1. INTRODUCTION 

1.1 Objectives 

Often overlooked in the textile manufacturing processes, the field of textile braiding 
has had little written on it; overlooked even more so is the subcategory of “fancy braids” and 
their possible end uses. The present research aims to fill this void through investigation and 
experimentation of fancy tubular braids; the overarching objective being to create an 
assortment of fancy braids through exploration of diverse desired attributes and testing. 

The goal of the study is to identify how various yarns, their corresponding spool 
placement, and interlacements, affects the structural and mechanical properties, appearance, 
shape, and performance of a tubular braid. By replacing one certain element or variable of 
the braid structure with a differing variable, (i.e. color, fiber, spool placement, or 
interlacement structure), a discrepancy is created, much like that of a fancy yarn. Fancy 
yarns are regarded as any yarn which has deliberate inconsistencies applied during 
processing, including variation in diameter, character, or color of the yarn (Meadwell, 2004). 
The same principal applies to the production of fancy braids. 

Observations, measurements, and descriptions of the braid attributes will be recorded 
and any indicative differences between variables will be noted. Causal relationships can then 
be determined, such as which fiber attributes are valuable to the structure of the braid and 
how the pattern and spool placement influences the tubular braid. At the conclusion of this 
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research, one will be able to determine specific relationships between yams and their spool 
placement and discover the magnitude of possibilities offered even by a simple braiding 
machine. 
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CHAPTER II 


2. REVIEW OF LITERATURE 

2.1 Braiding 

Due to its ease, versatility, structural integrity, durability, and flexibility, the braiding 
process has proven to be essential in the development of numerous applications; from the 
more simple processes (apparel and furniture trimmings, shoes laces, fishing line, etc), to the 
more complex (medical devices, composite materials, parachute cords). Complex and 
performance dependent applications benefit from braids’ impact resistance and strength 
properties; these properties are a result of the braid’s bias entwined structure that features a 
seamless unit from beginning to end. This quality is unique to the braiding process as it is the 
only textile that is structured in this manner. 

Though a variety of different methods may be employed in the production of braids, the 
fundamentals of the braided structure remain the same. According to Pal, Thakare, and 
Kamruddin (2005), braiding is “defined as a process of interlacing three or more strands of 
yarn in such a way that each strand passes over and under one or more of the others and are 
laid together in diagonal formation” (p. 52). Brunnschweiler (1953) further defines braiding 
as, “the production of ribbonlike or ropelike textures by the interlacing of one set of threads 
in such a manner that no two adjacent threads make complete turns about each other” (p. 
667). 

Finally, A&P Technology (2010) adopt a different approach when describing a braid; the 
company refers to the braid structure as, “a hybrid of filament-wound and woven material” 
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(para. 2). This description is useful for illustration purposes, though the actual terminology is 
somewhat flawed. As there are seven types of industrial braids (soutache, flat, tubular, 
special (fancy or lace), square, 3-D rectangular, and 3-D tubular), each braid category can be 
further defined beyond the basic braiding definitions. 

2.2 Terminology 

There has been some confusion on the correct terminology when referencing braided 
structures. Oftentimes, braids are grouped within the category of narrow fabrics which may 
include woven and knitted products, therefore braids are sometimes referred to as their other 
narrow fabric counterparts. Kent, (as cited in Larson, 1986), provides a thorough explanation 
in the distinction of braiding from other narrow fabrics when she describes braiding as, “The 
interlacing of a single set of elements all tending in one direction from a point or line. 
Elements are not linked, looped, knotted, or wrapped about each other but simply pass over 
and under their neighbors, following an oblique course to the edge of the piece, where they 
turn back on the opposite diagonal. . . Braiding may also be done around a core or in such a 
way as to produce round or square cordage, usually called sinnet” (p. 1 15). 

Woven products specifically have had some of their structural terminology linked to 
braiding due to the similarity in interlacements. Adanur (1995) establishes the differences 
between the two textile products when he states, “A braid structure is formed by the diagonal 
intersection of yarns. There are no warp and filling yarns in the sense of a woven fabric. 
Braiding does not require beat-up and shedding; the yarns do not have to go through heddles 
and reed” (p. 133). 
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Further exploration in braiding and woven color effects will be discussed in the 
following chapters; due to the lack of an established color pattern prediction method for 
braiding, a woven method of color pattern prediction was adopted. It should be noted that 
though the method is useful for braiding color prediction, the actual products differ and the 
angle of intersection greatly varies between the two types of textiles. 

2.3 History of Braiding 
2.3.1 Hand Braiding 

Braids have been discovered at Peruvian burial sites dating as far back as 8600 - 5780 
BC in the form of ropes, looped bags, and twined fabrics (Owen, 1995); these braids are likely 
to have been created far before their woven counterparts due to their simple formation and 
highly functional value. Good (2001) further notes the anthropological findings of braided 
cord impressions in ceramic pottery; one particular impression dated back to the fourth 
millennium B.C. Rugs created by braiding long strips of fabric together have been created 
long before the time of Christ in virtually every country all over the world (Blakesly, 2010). 
Furthermore, braids are known to have been developed and used in the Egyptian, Huari, 
Chavin, and Japanese cultures for both functional and decorative use (flat braids being the 
oldest form of braid). Though there are many varieties in culturally constructed braids, those 
of the Peruvian and Japanese have been most widely studied and mimicked. 

The Japanese art of silk braiding is known as Kumihimo, which translates “kumi” as 
plait or braid, and “himo” as string, cord, or braid. Though examples of kumihimo braids can 
be found in many museums and private collections around the world, little is known about its 
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history due to the closely guarded secrets between families, guilds, and even schools today. 
Documentation was not encouraged and complex patterns and techniques were only passed 
down verbally. 

The earliest of Kumihimo braids date as far back as 8,000 B.C. and were thought to have 
been “loop manipulated” or finger braided, in which loops are slipped over adjacent fingers to 
create the structure. The braiding apparatuses 
famously used in Kumihimo have not been 
recorded to be used until 645 - 784 A.D, though 
most believe they were in use before that time 
(Blakesly, 2010). These braids were especially 
important in times of war when Owen (1995) 
explains that 800-1000 feet of kumihimo braids 
were used to cover and lace together a suit of 
armor. Kumihimo braids were (and still are) 
used to wrap sword handles, hold together obi belts, and to adorn hair and belts. Additionally, 
certain patterns and colors were reserved for those members of society holding a certain title 
or rank. Figure 1 above displays an example some of the many types of Kumihimo braids. 

Sling braids are of special interest and have been carefully studied and documented for 
their color patterns and functionality. The sling braid served as a weapon in which a pouch 
created in the middle of the braid held a projectile, which would be released through a 
swinging motion of the braid. Sling braids were dominantly found in the Incan and Peruvian 



Figure 1: Example of Kumihimo Braid Patterns 
(Owen, 1995, Cover) 
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cultures but have also been documented in Africa, India, Tibet, and the Far East and have 
been known to have been used until the 17 th century. Though the formation of the actual braid 
remained somewhat homogenous, the intricate patterns on these weapons varied greatly. 
Peruvian sling braids periodically adopted a technique in which the elements that form an 
inner core braid were brought to the outside 
of the top braid sheath to design more 
interesting structures (Larsen, 1986). An 
example of a Peruvian sling braid can be 
found in Figure 2. 

Aside from Japanese and Peruvian 
braiding, other forms of braiding documented throughout history include hair plaiting and 
Maypole dancing. Additionally, braids with looped elements were unearthed alongside relics 
from medieval churches in Finland and Sweden (Larsen, 1986). 

2.3.2 Industrial Braiding 

The invention of the braiding machine is primarily attributed to Thomas Walford for his 
1748 patent which described a machine or engine for “ the laying or intermixing of threads, 
cords, or thongs of different kinds, commonly called plaiting” (Ko, 1989, p. 1-2). Though 
Walford was the first to submit a patent application, there is some skepticism around declaring 
him as the first inventor. Shortly after Walford’ s patent, the German Bockmuhl introduced a 
simple braiding machine in 1767, which was then slightly modified by a Frenchman named 



Figure 2: Peruvian Sling Braid (Owen, 1995, p.13) 
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Perrault (Speiser, 1983). After Perrault, no record of any further developments in machinery 
was found until 1823 when John Heathcoat introduced improved modifications to existing 
braiding machinery (Brunnschweiler, 1953). These early machines were designed for the 
production of simple tapes and cords designed for use in garments and shoelaces 
(Brunnschweiler, 1953). 

By the mid 1900’s, braiding machines had begun to progress from wooden structures to 
iron; credit is often given to Johan Heinrich Bockmuhl for the first use of iron instead of wood 
for machine construction (Ko, 1989). Around this time the demand for braids to cover 
electrical wires caused inventors to create machinery that could run twice as fast as old 
models. These early machines followed the same principle of modern maypole braiders in 
operation today. 

An important mechanical advancement that was quite distinct from other maypole 
machinery was the development of the Japanese Naiki-dai. Due to the secrecy in developing 
the Naiki-dai, the exact time and 
inventor of the machine are unknown 
though it is estimated to date back to the 
mid-nineteenth century (Speiser, 1983). 

The Naiki-dai (Figure 3) is made 
entirely from wood and functions as an 
assimilation between Kumihimo table 

braiding and industrial maypole Figure 3: Naiki-dai mechanism (Speiser, 1983, p.189) 
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machines; each bobbin rotates in a large circle and is carried by a shuttlelike hook to its next 
position (Larsen, 1986). Though capable of cultivating more complex patterns than Maypole 
machinery, the Naiki-dai exists today in its original form, requiring a laborer to push down 
and pull up on a lever to create bobbin movement. 

The late 1940’s brought preform mandrel technology to manufacturing and brought 
about a new interest in braiding composite materials on Maypole machinery (Braley, 2001). 
These simple types of three-dimensional fabrics strictly involved overbraiding of specific 
shapes and forms to create the desired figure. An even greater innovation for composite 
materials was the introduction of the three-dimensional braiding machine in 1964 when Bluck 
developed his “Bias Weaving” machine. Many modifications and functions were further 
developed by Florentine in the 1960’s that could produce complex shapes such as I beams, T- 
sections, hollow squares, and cylindrical cross sections for rock nozzles (Wall, 2002). The 
next 20+ years brought about many different modifications of existing three-dimensional 
machines that involved two step, four step, and five step processes which were suited to the 
manufacturer’s needs. Even today, where there is a dominant interest in composite 
generation, manufacture of three-dimensional braiding machinery is still somewhat limited as 
machines are generally custom built per customers’ specifications (Adanur, 1995). 

2.4 Braiding Geometry 

Just as woven fabrics have warp and wefts and knitting has courses and wales, braids 
have their own terminology in reference to their structural makeup. The braided 
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formation is comprised of picks, lines, and ends and is directly related to the class of 
machinery used. According to Douglass (1963), picks (or plaits) “refer to stitches which 
form the braid. Flat braid is usually described by the number of picks per inch” (p. 7). Each 
individual stitch formed by the intersection of yarns represents a pick; these picks form one 
repeat of the braid which is measured along the braid axis. Pick or plait spacing describes the 
spacing of one pick to the next successive pick, whereas pick count refers to the number of 
picks per unit length in a line parallel to the braid axis. In Figure 4, “s” is represented of a 
single pick; pick count would be represented by counting each “s” unit along the length of 
the braid. 

Lines are formed at the intersection of the stitches; the number of lines is related to the 
number of machine carriers and can be 
identified as one repeat across the braid 
perpendicular to the braid axis. According to 
Omeroglu (2006), “tubular braids are made 
with an even number of strands, and this 
number equals four times the number of 
lines” (p. 53). As it is necessary for two 
strands to form an intersection, it takes four 
strands to create one repeat (line), thus 

- . . r t r , . Figure 4: Braiding Geometry (Omerglu, 2006, p.l) 

resulting in four strands for every one line. 

Lines are represented in Figure 4 by the letter “L”. 
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An end refers to a “single length of material ready for use” (Douglass, 1963, p.7). This 
would be the resultant braid from start to finish that is removed from the machine. The 
completed braid additionally has a measurable width (for flat braids) or diameter (for tubular 
braids). In the case of both braid types, these measurements can be found by measuring the 
cross section from end to end. 

The symbol 0 represents the braid angle, where the braid angle is, “the relationship of 
where the yarns lay from the machine axis” (Gopalakrishnan, 2007, p. 99). The angle can 
additionally be described as the area between the vertical braid axis and the bias formation of 
the yams from the carriers. Rawal (2005) describes it as, “half of the angle between the 
interlacing yarns in the vertical direction. The ratio of angular speed of the bobbins to the 
take-up speed determines the braid angle between the threads in the vertical direction” (p. 
118). 

The braid angle plays an integral role in the ultimate braid structure. Rawal (2005) 
reiterates this when he states, “the braid angle is the most important parameter in 
characterizing the braided structure” (p. 119), due to the cover factor of the braid being 
dependent on the braid angle. As 
the structure of the braid is 
extended and contracted along the 
braid axis, the braid angle as a 

Hwxial iiml Triux i ;il Broil) 

result, will increase or decrease 

Figure 5: Biaxial and Triaxial Braid Structure (Braley, 2001, 
p. 2449) 

(Omeroglu, 2006). The take-up rate 
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of the machine furthermore has an important role in the extension and contraction of the 
braid and braid angle; a slow take-up rate produces a close braid with tight plait spacing 
while a rapid take-up rate creates a loose braid with more open plait spacing. 

The tightness or openness of the fabric structures allows for some degree of permeability; 
the braid angle determines how tightly yarns are locked together, thus creating a more 
permeable or impermeable structure. Charlebois (2005) explains that when a braid angle 
increases or decrease by 45 degrees, the yam spacing is reduced and results in decreased 
permeability. This is especially important for products with explicit parameters for fabric 
porosity and permeability such as in vivo medical products. 

Finally, braids may include additional strands called warp threads and core threads. Both 
threads are not essential to the braided structure, but may be implemented for improved 
dimensional stability, tensile strength, and compressive strength. Integration of warp yams 
can be engaged with stationary guide eyes that prevent yams to crimp (Ko, 1989). Both warp 
and core threads lie parallel to the braid axis; warp threads are often interwoven within the 
diagonal tubular braid strands (Bmnnschweiler, 1953). Regular, tubular 2x2 stmctures can be 
referred to as biaxial structures, and those that implement warp threads are known as triaxial 
stmctures. Biaxial and triaxial structures are represented in Figure 5 above. 

2.5 Types of Braid 
2.5.1 Tubular Braid 

Tubular braids have two distinct groups of strands in which, “one group spirals 
continuously in a clockwise direction while interlacing, and the other in an anti-clockwise 
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direction” (Brunnschweiler, 1953, p.672). The counterclockwise and clockwise routes cause 
the sets of yarns to intersect in a full circular path, with each set of yarns moving 
simultaneously, resulting in a tubular structure. Each set of yarns, traveling either 
counterclockwise or clockwise, will never intersect with those sequential yams moving in the 
same direction. 

Tubular braids differ from their flat braid counterparts in that flat braid strands follow a 
side to side pattern instead of a circular spiral. The continuous yarns of the tubular braid are 
coiled in a helix formation which interlock in a diagonal, bias interlacement (A&P 
Technology, 2010), creating their impact resistant structure. This unique architecture is much 
like a Chinese finger-trap, allowing the braid to conform easily to complex shapes (through 
the use of a mandrel) (Braley, 2001), as 
well as expand and contract when tightened 
or loosened. 

The machine must have an even number 
of strands in order for the braid to be 
balanced and can be made with or without a 
core through the center. Ko (1989) 
states, “To form a balanced, torque-free 
fabric, the structure must contain the same 
number of yarns in each helical direction. 

The tubular braid may be formed around a solid Fi g ure 6: Example of common interlacement 

types. (Brunnschweiler, 1953, p. 669) 





x— One pr* r [ 
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core of material, or may be pulled around a core, both resulting in a rigid, solid fabric” (p. 3- 
2). A core can provide a set diameter, assure even tension, and offer rigidity; a core could 
also be another braid which is being braided overtop of the structure. Braids covering a core 
refer to the braided structure as the “sheath” and are often used for protection and 
reinforcement; those tubular braids which are hollow may be flattened for a tape with double 
thickness. Items such as shoelaces and candlewicks are two common examples of flattened 
tubular braids. 

These braids can be fashioned in an infinite variety of diameters, braid angles, and shapes 
based on the machines’ specifications and take up capabilities. Gopalakrishnan (2007) states 
that the size of the braid depends on these factors: 

1. The number of carriers 

2. The diameter of the yarn 

3. The number of yarn ends per carrier 

4. The number of yarns per unit length 

5. Take up speed. 

Common tubular braided structures involve the interlacing of an even number of 
yarns, leading to diamond (plain), regular (twill), or Hercules (panama) interlacement that 
can either be two or three dimensional (Ratner, 2004). These structures are characterized by 
their interlacements and are similar to woven fabric constructions of 1/1 plain, 2/2 twill, and 
3/3 twill when turned on a 45 degree bias (Pal, 2005). More constructions such as 2/1 and 3/1 
interlacements are possible, but have no formal name. Figure 6 displays diagrams of various 
interlacement types. 
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As many tubular braiders run a 2x2 interlacement on Maypole machinery, a diamond 
or basket stitch (lxl interlacement) can be produced on a tubular braider by removing every 
alternate carrier or to run the carriers in pairs - two horn slots loaded and two vacant 
(Douglass, 1963). A 2x2 Maypole braider may also be modified to produce a 2x1 
interlacement; by removing Va of the spools, and maintaining that the spools move in the 
correct 2x1 path, this type of interlacement can be created. 

2.5.2 Square Braids 

The square braid is a variation of a tubular braid; yarn groups travel in clockwise and 
counterclockwise directions, while interlacing with yarns of the opposite group and 
maintaining a hollow center. The square shape is created when the braid yarns are 
maneuvered into a square formation created by the same formation of the machinery’s 
horngears (mechanisms that cause the spool carriers to move around the track). A further 
explanation of machinery will be discussed in a later section. 

2.5.3 Flat Braids 

Flat braids are ribbonlike in appearance and consist of strands which follow a zig-zag 
path from side to side, while simultaneously interlacing with other strands (Brunnschweiler, 
1953). Flat braiding is essentially a variation of tubular braiding in which the yarns 
traveling clockwise or counterclockwise reverse at the edge (called “terminals”) and travel 
back in the opposite direction, forming a selvedge. In contrast to tubular braid machinery, 
carriers cannot complete a full circular path; one horngear is removed from the serpentine 
path, causing the carriers to reach the end of their track and reverse back (Ko, 1989). The 
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resulting path (Figure 7) is in the shape of a “C” and produces a curved flat braid that must 


be straightened after taken off the machine. 

A common misconception is that flat 
braids must be formed with an uneven 
number of strands; however, flat braids can 
be formed with any number of strands above 
two. Though this may be true, it should be 

noted that many machines are manufactured to 

Figure 7: Flat braid machine set up (Ko, 1989, p. 3-4) 

only allow an uneven number of strands in the 
formation of flat braids as they are modified tubular braiders (Brunnschweiler, 1953). 

According to Larsen (1986), handcrafted flat braids can be divided into two categories: 
symmetrical and asymmetrical. Symmetrical flat braids are those that are comprised of an 
odd number of strands in which the outer strands pass over and then under adjacent strands. 
Alternatively, those braids with an even number of strands allow for one outer strand to first 
pass over and the under, then the opposite strand passes under and over, leading to an 
asymmetrical braid. Though machinery often does not allow for even thread braids, hand 
manipulated braids easily allow for this process. 
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2.5.4 Soutache Braids 


A soutache braid is a flat braid which can easily be deformed and is the simplest of all 
braids to manufacture (with industrial braiding) (Ko, 1989). Soutache braids are generally 
used for wicking, ornamental fabrics, embroidery, and trimmings. Further explanation of 
soutache braid machinery will be covered in a later section. 

2.5.5 Fancy Braids 

The term ‘fancy’, or ‘lace braid’ is “given to any braid which is not of uniformly simply 
flat or tubular construction. The connection between simple and fancy braids is analogous to 
that between simple and fancy yarns” (Brunnschweiler, 1953, p.672). Nicolas Reiser (1907) 
provides a simpler definition, “an irregularly braided fabric” (p.135). The second definition 
more closely relates to the research studied as the braids will be tubular in construction but 
may be irregular in a variety of different ways. Fancy braids traditionally were used as 
garment and millinery trimmings, but with the introduction of new fibers and technology, 
there are many possibilities. Types of fancy braids are numerous and can include variations 
in structure, color, interlacement type, etc. Yarn tension can additionally be controlled to 
create tight and loose sections in the braid, resulting in lace or ornamental fabrics (Ko, 1989). 

2.5.6 3-D Braiding 

Three-dimensional braiding is a relatively new process that allows for the creation of a 
variety of complex structures and shapes, especially in the field of composite materials. This 
type of braiding is advantageous for structures requiring strength, reinforcement, and 
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complex structure design. 3-D braided structures are created through intertwining or the 
interlacing at right angles of multiyam systems (Adanur, 1995) and can be classified through 
the process used to create them (in steps) or by their geometric structure (rectangular or 
tubular). A defining difference in two-dimensional tubular and square braids from their 
three-dimensional counterparts is that the latter forms a solid material, occupying three 
planes rather than two. Additionally, in the three-dimensional braiding process, each end can 
be separately controlled and fed into the machine (Wall, 2002). Ko (1989) explains the 
difference when he notes that three dimensional braids are “restricted to braids with more 
than two yarns placed in the through thickness direction” (p. 3-12). Traditional square and 
tubular braids have no yarns in the thickness direction, rather, they are hollow. 

Rectangular three-dimensional braids are formed through horizontal and vertical 
movements of carriers (called rows and columns) on rectangular looms. These types of 3D 
braids can be created through the hom gear or four-step process. The four-step process (or 
Cartesian braiding), involves the intertwining of yams in which some of the yarns pass 
through the internal layers and bind the two exterior layers together. This type of braiding is 
accomplished with at least four distinct motions in each machine cycle in which each row or 
column is programmed to move a certain distance away from each other in four different 
motions. Some of these yarns create the internal layers and others bind the two exterior layers 
together. Benefits of the four-step process include compact machine size, low development 
cost, and flexibility in braid structure and geometry (Kostar and Chou, 1999). 

Tubular three-dimensional braids have yarns passing over and under several sets of yarns 
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in the wall thickness direction, rather than passing over and under other adjacent yarns, as in 
the case of two-dimensional tubular braids. Two-dimensional and three-dimensional tubular 
braiding have their similarities; both braiding require sets of yams to travel in a clockwise 
and counterclockwise path simultaneously and must have an even number of yarns to 
maintain a balanced structure (Ko, 1989). The two-step process produces structures with 
high stiffness and strength due to the implementation of axial yarns within the braid. 

2.5.7 Hand Braiding 

Though industrial braiding provides for efficient and rapid production, hand braiding 
provides the most versatility in terms of intricate braided structures and pattern. Hand 
braiding allows for more color patterns to be developed; much like a jacquard loom, hand 
braiding allows for each individual strand to be manipulated, controlling each individual 
stitch. Structurally, hand braiding can provide joined braids and core-and-sheath braids in 
which the core’s inner braid can be interlaced with the sheath. A multitude of possibilities 
can be offered with the control, precision, and intricate nature of hand braiding that far 
exceeds the offerings of industrial braids. 

One of the most well known forms of hand braiding is the Japanese style, Kumihimo. 
This type of braiding can be created by a few different methods: ayatakedai, marudai, 
takadai, and kakudai. Though marudai is the most well known method, all methods hold the 
same principle: weighted bobbins are held under tension and purposely placed in strategic 
positions to create flat, square, round, or oval braids. The marudai (a circular stand) and the 
kakudai (square stand) must be counterbalanced with hanging weights (called omori in 
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Japanese) to keep tension; the marudai is weighted at the bottom of the stand, pulling the 
braid downward, while the kakudai pulls the braid upward from a weighted pulley (Owen, 
1995). The takadai (high stand) and ayatakedai(bamboo stand) are loom-like apparatuses 
that produce flat braids only; takadai braids may be multiple layered braids and ayatakedai 
creates twisted groups of yarns, allowing for optimal light reflectance (Speiser, 1983). 

A method of hand braiding that does not require any additional apparatuses or tools 
(besides simple hand braids often created for bracelets) is loop manipulation, or finger 
braiding. The finger braiding method bends threads in half, securing the cut ends on a 
stationary point, and placing fingers between each loop of the threads. This method creates 
an interlacing by taking an empty finger and inserting it through a loop on the adjacent 
finger, and then hooked into a loop on the opposite hand. In 
this way, loops are increasingly moved from finger to finger 
and hand to hand (Larsen, 1986). This method of braiding 
grants the braider control over all aspects of the process; 
tension can be maintained, sheds are controlled, delicate 
material can be handled, and the work can done at a 
relatively quick speed (Speiser, 1983). A major limitation 
in finger braiding is that the amount of loops must be 

Figure 8: Frame braiding (Speiser, 1983, 

p. 116) 

restricted to the amount of fingers on each hand as well 

as limiting any stored length of material which are generally wound on hanks, bobbins, and 
spools. 
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Frame braiding (Figure 8), or sprang, is a unique method of hand braiding that creates 
large flat fabrics which can be very cloth-like in appearance. These structures are formed by 
stretching one continuous strand around two ends, the “frame”. This setup somewhat 
resembles that of weaving, however, there is only one vertical group of threads (much like 
the warp) and no horizontal strands. Braiding begins at the top of one of the frame bars and 
threads are crossed in groups of two horizontal rods; “swords” are integrated underneath of 
the newly formed interlacement, while a mirror image is created below the sword. When the 
interlacings meet at the center of the fabric, all the swords are removed except for the center 
one, if the central sword is removed, the entire braid will return to its original form of parallel 
strands (Larsen, 1986). A join may be made at the center of the braid, or another element 
may be inserted to hold the braid together. Frame braiding is considered to be a solution to 
the annoyance of loose ends entangling in other forms of braiding. 

Another type of braiding that does not have loose ends is a method that can be found 
in leather braiding often used by cattle herders. With these types of braids, a rectangular 
piece of leather is slit vertically in the center of the rectangle without being cut all the way to 
the edge. With no loose ends, interlacing involves maneuvering and twisting to create the 
braid (Larson, 1986), somewhat similar to frame braiding methods. 

An important feature of hand braiding is the ability to produce complex structures 
within a single braid such as split loops, loops at the end of the braid, pom poms and tassels, 
core and sheath interweavings, and diameter variances. Ply splitting of braids is another 
hand technique that allow for complex structures; separate braids may be joined together by 
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splitting apart one or more of the braids to create a whole new fabric. Though some industrial 
braiding mechanisms may be used to create multiple braids within one whole braid, (such as 
medical stents), it cannot yet be fabricated in one process. 

2.6 Industrial Machinery 

In contrast to other textile processes, braiding requires a large amount of machinery to 
produce a small amount of cloth (Brunnschweiller, 1953), due to the spool distance required 
from the braiding point. There are essentially two types of braiding machinery within the 
categories of braid types, those being standard industrial braiders and megabraiders (Braley, 
2001); within these two categories, the machinery may be set up vertically or horizontally. 
Megabraiders are used for complex and large structures which require anywhere from 145 to 
800 spools, mainly to construct products for structural reinforcements (often composites). 
Standard braiders, (those with 144 or less carriers), are the focus in the following research, 
specifically with a carrier range between 16 and 32. Maypole braiders are a type of standard 
braider that is the common method of creating tubular braids. 

2.6.1 Maypole Braiders 

With Maypole braiders, a number of carriers move in a predetermined order along 
continuous serpentine tracks. These carriers contain spools of yarn which are crossed and 
recrossed as they move over and under each other due to the clockwise and counterclockwise 
carrier movement. As each set of threads run in opposite directions under and over each 
other, the yams are drawn to a central point (known as the braiding point), and the braided 
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structure is then pulled up 
and wrapped around a roller. 

An example of a Maypole 
braider and its components 
can be referenced in Figure 9. 

A gear train is covered by 
a track plate which has a 
serpentine design to guide the 
yarn carriers around. The Figure 9: Components of a Maypole Braider (Pal, 2005, p. 53) 

serpentine track rests on the 

machine’s deck, an apparatus which is simply two flat plates of steel bolted together with 
horn gear mechanisms sandwiched between (Douglass, 1963). Horn gears are integral to the 
movement of the spool carriers around the track; they pass the yarn carriers back and forth in 
an alternating fashion, which will lead to the ultimate structure of the braid. These gears are 
designed with a circular brimmed top; four 90 degree slots, or notches, engage the pins of the 
spool carriers and fit together at each intersection of the tracking. These notches pass the 
carrier along to the next horn gear, fitting together at the intersection, to allow the carrier to 
move on (Ko, 1989). Additionally, the number of slots in the horn gear can determines the 
interlacement type of the braid. Figure 10 shows an example of a layout of horn gears in a 
track. 

The carrier is the mechanism administered to release the yarn from the spool to the 
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braiding point, while simultaneously providing the appropriate tension. Brunnschweiler 
(1953) states, “The ideal carrier is one which can accommodate a large supply of yarn, 
operate at high speeds, and provide a constant and easily adjusted yarn tension” (p. 677). 
Douglas (1963) further reiterates this point when he declares that all carriers are designed to 
perform these amalgamated functions: 

1 . Carry a bobbin of yam. 

2. Maintain tension. 

3. Deploy the correct amount of material. 

4. If the material is about to be exhausted or broken, the carrier should automatically 
stop the machine. 

Three styles of carrier spools are identified by Douglas (1963): the bobbin, the copholder, 
and the fixed cop. The bobbin carrier has a bottom or top latch (used to control the yam 
tension) and allows the spool to slide onto its base; this type of carrier requires the manual 
winding of yarn onto the spool. The 
copholder carrier, alternatively, allows 
for a ready-made cardboard tube to 
slide onto the carrier and is the most 

widely used form. The fixed cop Figure 10: Example of horn gear construction and arrangement. 

(Ko, 1989, p. 3-6) 

instmment has yarn pulled over the top 

of the spool and tension is maintained through a pressure apparatus. The yarn is wound off 
of the bobbin up to the braiding point, which is then taken up onto a reel. 
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As previously stated, the take-up reel has an integral effect on the braid diameter and 
tightness of interlacement in addition to its purpose of drawing up manufactured braids. 

Douglass (1963) states, “In order to produce a good quality braid it is absolutely 
essential to draw the finished product from the machine smoothly and at a perfectly uniform 
rate. A slight jerk will open the braid and conversely a pause will cause crowding (p.7)”. A 
slow take-up speed confers a close braid and a high take-up speed a loose braid; gears are 
used to control the take-up motion and speed of the braid. These can be in the form of 
interchangeable gears or programmed to be switched in an electronic braider. 

2.6.2 Square Braiders 

As square braids are modifications of a standard tubular braid, square braiding 
machines are simply a modification of typical Maypole braiding machinery. The 
differentiating factor among square braiding machines and Maypole braiders is the horn gear 
arrangement; square braid machines are comprised of four large horn gears (with an even 
number of horn slots) arranged in a square formation. Square braiders are the smallest 
braiding machines having only two tracks and may have eight, twelve, sixteen, twenty, and 
twenty four carriers (Ko, 1989). 

2.6.3 Flat Braiders 

As previously stated, flat braiders (Figure 1 1) are modified Maypole braiding machines, 
thus, the same components such as horn gears, carriers, and trackplates all can be explained 
by the same principles stated above. One component of Maypole braiding that is missing in 
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flat braiding is the take-up reels and gears; these mechanisms are replaced with a system of 
rolls that keep the braid flat and release it into a container. Though horn gears are used in the 
same manner as Maypole braiding, flat braiding requires that one of the horn gears is 
removed to create the terminal ends in which the carriers reverse and travel back in the 
opposite direction, creating a selvedge. 

Brunnschweiler (1953) cautions to carefully plan the horn gears that will create the terminals, 
“. . .the terminal horn gears which reverse the general 
direction of the carriers to form the braid edge must have 
carefully determined number of notches. If one of the 
horn gears used to form the body of the braid were to be 
used as a terminal gear, it is easy to demonstrate that two 
carriers moving in the opposite directions would be 
competing to occupy the same notch” (p. 679). 

Brunnschweiler (1953) further explains that there are 
certain sizes of terminal horn gears that are acceptable for 
the machine; however, each different size will give a 
different appearance in the selvedge. Horn gears to be 

Figure 11: Flat braider (Adanur, 1995, 

p.136) 

used at the terminals must also have an uneven number of 

slots to ensure the carrier will reverse its path. This further explanation of terminal horn gear 
selection notes the importance of planning flat braid configurations, rather than just simply 
removing one horn gear from a Maypole machine. 
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Ko (1989) explains the importance of thread tensioning and how multiple strand yarns 
may overlap at the edge, . .when a strand consists of several threads, there are two alternate 
ways of reversing its line of direction at the edge of the braid. Either the threads can overlap 
at the turn, or they can follow each other in concentric paths” (p.3-1 1) . Threads following in 
these paths work best with braids containing a small number of yams, as this method requires 
individual thread tensioning. The tensioning and way the yarns lay at the selvedge is an 
important aspect of flat braiding, as it does not follow in one continuous circular path. 


2.6.4 Soutache Braiders 

The soutache braider has a relatively simple set up; the 
track has a figure eight shape with two homgears 
underneath. The horngears have an odd number of 
slots and are designed to hold between 3 and 17 
carriers (Ko, 1989). Figure 12 shows a schematic of a 
soutache braider. 

2.6.5 Three-Dimensional Braiders 

As previously stated, three-dimensional braiding can be referred to by its process or type 
of machinery; two well-known types are the horn gear (2 step process) or Cartesian (4 step 
process) machines. The four-step process has four distinct cycles of horizontal or vertical 
movements in which the groups of yarns travels in; each movement controls has a 



Figure 12: Three Strain Soutache 
Braider (Ko, 1989, p. 3-11) 
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predetermined path and distance for each of the yarn groups. After these four motions are 
complete, one machine cycle is finished and beat up is necessary to drive the yarns into the 
structure at the completion of each cycle (Adanur, 1995). The machine runs through the use 

of a computer which has a prewritten program to 
determine the movements and structure of the 
final braid. Figure 13 shows a diagram of a 3D 
circular and rectangular braiding. 

The fiber tows (or groups of yarns) are 

specifically placed in their determined rows and 
columns to form the specified shape, then 
additional tows are added to the outside of the 

arrangement at alternating positions. The rows are moved first and then columns are moved 
in alternating directions; the movements are then reversed and one machine cycle is 
completed. The beginning arrangement of the tows is integral to the finalized desired 
structure. 

The beating motion of the machine is controlled by two motors with separate controllers. 
A combing device is mounted on a crank and swung at a 90 degree angle in order to create 
the beat up; the beating position of the four step process determines the braiding point and 
moves downward as the braided is constructed. This downward motion and its ratio to the 
braiding speed determine the pitch length of the final structure (Li, Hammad, and El-Shiekh, 
1991). 



Figure 13: Schematic of 3D circular and rectangular 
braiding (Adanur, 1995, p.246) 
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Horn gear machines offer a much quicker braid speed and relatively simple carrier 
motion in comparison to the Cartesian machines. Essentially, the horn gear machines follow 
the same aspects as machinery for tubular braiding in that the yarns are intertwined in helical 
paths; though in this two-step process, axial yams are used in conjunction with the standard 
braider yarns. The process used to create the 3-D braids differs from 2-D tubular braiding in 
that axial yams move vertically while braider yarns first move diagonally in one direction, 
then in the second step, the braider yams move diagonally in the other direction (Byun, 
1991). The braider yams lock the axial yarns in place and maintain the shape of the braid. 
This yarn movement is repeated until the desired preform shape is reached, which can be 
virtually any cross-sectional shape with few restrictions (Wei, Hammad, and El-Shiekh, 
1991). 

As three-dimensional braiding is heavily used for composites preform manufacture, there 
are two separate methods that can be used to create this type of structure. The first method 
involves “sandwich structures” in 
which a braided material is placed into 
a mold. The second method involves 
the integration of a mandrel (Figure 
14). (It should be noted that mandrels 
may be additionally used in two- 
dimensional braiding processing as 
well). 
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Due to the braid’s unique structure, braids can be molded to specific dimensions of the 
required end product. Atkins and Pearce (2010) explain, “Braids can also easily and 
repeatedly expand open to fit over molding tools or cores, accommodating straight, uniform 
cross-section forms as well as non-linear, irregular cross-section components, much like a 
sock conforms easily to a foot” (“Braid Basics”, para. 6). While braiding, the yarns move 
with their carriers and wrap around the mandrel to form a biaxial fabric. If a triaxial fabric is 
desired, a third group of yarns may be mounted on the back side of the track ring and inserted 
through the center of each horngear (Du and Popper, 1994). Given the correct model 
(mandrels), braids can mimic and form to different geometries, 
even those with changing geometries like prosthetics. 

2.7 Market for Braiding 

Braiding is an extremely versatile textile that can produce both 
the simplest and most complex products. Braiding has suitable 
products for many different industries; some of these industries 
include medical, automotive, apparel, maritime, sports, aviation, 
electrical, etc. Sometimes braiding can be broken down into the 
raw materials used to produce the structure. Gopalakrishnan (2007) 

describes braiding in this way when he suggests raw materials for 
certain applications; candlewicks and shoelaces can often be made 
of cotton, due to its durability, polyester is useful in making tapes 



Figure 15: Variety of 
Braids with Several 
Applications (Samson 
Brochure, 2010) 
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and straps. Teflon® is commonly used for industrial applications, aramids are often used for 
high performance applications such as mountaineering ropes, and glass fibers can be used in 
insulating electrical coverings. Figure 15 displays several braids with varying sizes and 
applications manufactured by Samson Ropes. 

Medical braided products may include prosthetics such as anterior cruciate ligaments or 
structural forms for additional prosthetics, tubular stent valves and synthetic arteries, dental 
floss, catheters, scaffolding for tissue generation, and most commonly for the production of 
sutures. With medical textiles, much care must be taken in choosing the raw materials for the 
final product. For those products that may enter the body, it is of upmost importance to 
choose materials that will not be completely rejected from the body and allow for some 
degree of blood coagulation. 

Sporting equipment utilizing braided structures may 
include parachute cords, bungie cords, fishing line and 
nets, mountaineering ropes (Figure 16), and water ski and 
yachting ropes. Another application for sporting 
equipment that utilizes composites is the construction of 
baseball bats. Sleevings can be creating through the use of 
a mandrel, slid over the bat structure, and filled with a resin 
to create a very impact resistant structure (A+P 
Technology, www.braider.com , 2010). Bicycle frames 
have additionally been created from braided composites. 



Figure 16: Climbing Ropes by 
Samson (Samson Brochure, 2010, 
P-12) 
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Automotive and aviation industries can benefit from braided composites. In the aviation 
industry, propellers and complex shapes can be created for the airplane or helicopter. The 
automotive industry also utilizes braids for towing ropes and hydraulic hoses; the marine 
industry also uses braided products for towing ropes. Fire truck hoses are often made from 
braids which are overbraided with braids. Figure 17 shows an example of marine towing 
ropes manufactured by Samson Ropes. 

Cables are often made with 
wire braiders. Casings for 
electrical cords are made by 
braiding; the casing is often 
braided over a removable core, Figure 17: Towing Rope (Samson Brochure, 2010, Cover) 

then stuffed with the cable as the core afterwards (Larson, 1986). Other industrial uses of 
braids include cords for Jacquard looms and geotextiles. Apparel and home uses include 
shoelaces (which are flattened tubular braid or a tubular braid with a core), tapes and 
bindings for sewing, apparel trimmings, clothes lines, and window sash cords. 

2.8 Machine Manufacturers 

An assortment of braiding machine manufacturers are scattered throughout the globe, 
producing machinery for different applications and needs. Companies such as Herzog, 
Steeger USA, ETK-Lesmo, Hsiang Chuan, Penguin Engineers, O.M.A., OMR, Ratera, Inter- 
tex, and Trenz-Export’s specializations and capabilities are discussed below. 
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2.8.1 Herzog 

Herzog was founded in 1861 in Wuppertal, Germany; the birthplace of Thomas 
Walford’s braiding machine. Today the company resides in Oldenburg, Germany with 
agencies worldwide and is known as the leading manufacturer of braiding and winding 
equipment. Herzog manufactures a wide range of machines to create products from sutures to 
fire hoses; currently, 475 different machines and their variations are offered. Types of 
braiding machinery available for purchase include: soutache braiders (to produce candle 
wicks and fishing line), flat braiders (for elastic, nonelastic laces, edge cord, and zig zag 
laces), round braiders (produce cords up to 6 mm in diameter), packing braiding machines 
(manufacture braided sealings used for valves, ovens, and rings), rope braiders, wire braiders, 
and special large scale rope braiders for the production of fire hoses (Figure 18). 

Aside from manufacturing, research and development is an integral component of 
Herzog’s business. Future machinery 
currently in development include: 
buttonhole braiding machines, 
variation braiding machines, radial 
braiders, and Cartesian 3D braiding 
machines. Another key technology 
offered by Herzog is their braid and 

Figure 18: Fire hose braider (www.herzog-online.com) 

color design software, CAB (Computer Aided Braid Design). This software allows users to 
choose between one of three braid structural designs (lxl, 2x2, 1x3) to calculate 
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multicolored structures with variable braid angles. Calculations for structural components 
can include diameter, braid angle, braid weight, pick conversions, bobbin volume, yam 
length per bobbin, productivity, etc. Design of color patterns can be predicted in regards to 
spool placements with this software (www.herzog-online.com , 2010). 

2.8.2 Steeger USA 

Steeger USA has been producing braiding machinery for over 130 years and is 
headquartered in Inman, South Carolina. Steeger specializes in advanced machinery for 
industries such as the medical, composites, and packing industries and has an extensive R&D 
program for continual innovation and to cater to customer requests. Machinery catering to 
the medical industry include Steeger’ s wire braiders; these machines are used in the 
production of catheters, tubes, and invasive and non-invasive products which require 
specifications for flexibility, stiffness, allowance for kinks, and strength. Large horizontal 
braiders with individual drives are suitable for the composite industry but can also be 
designed for products such as: maritime ropes, leisure sporting ropes, parachute lines, 
automotive towing ropes or hydraulic hoses, and braids for apparel (www.steegemsa.com , 
2010 ). 

2.8.3 ETK-Lesmo 

A mechanical engineering company in Italy, ETK-Lesmo specializes in the design 
and construction of braiding machines. These machines can be used to produce carbon 
covered wire, braided wire for cables, optic fibers, sheathing for tubes, braided ropes and 
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cords, fancy braids, and sutures. Ten different types of braiders are offered for certain end 
uses, each of which have different options for number of spools, speed, etc. These machines 
are categorized and sold by their product output: ropes and cords, round elastic braids and 
rope, specialized trimmings, flat strings and elastic bands, nautical and mountaineering ropes, 
metal or textile sheaths for tubes, coaxial cables, and braiding of glass fiber yarns 
(www.eurotekne.com , 2010). 

2.8.4 Hsiang Chuan 

Hsiang Chuan is a manufacturer founded in 1970 in Taiwan that provides over 300 
models of braiding equipment. Machinery includes models for the production of flat, round, 
and special braids; machines are capable of producing products such as fishing line and nets, 
an assortment of cables for different products, and models for special circumstances such as 
giant braiders and complex materials like Teflon, glass fiber, and aramids 
(www.braid.com.tw , 2010). 

2.8.5 O.M.A. 

O.M. A. is a manufacturer of braiding machinery, parts, and bobbin winders founded 
in 1953 out of Italy with offices in the U.S., the U.K., and China. O.M. A. specializes in 
vertical and horizontal maypole braiding machinery for reinforcements for rubber hoses, 
flexible tubes, and the creation of cables and ropes. Braiding equipment is offered in a 
variety of sizes suited to the customer’s needs and contains a patented self-lubricating system 
(www.omabraid.com , 2010). 
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2.8.6 Ratera 


Ratera was established in 1942 in Spain and offers over 320 different models of 
braiding machinery. In addition to machinery, Ratera has also created CAD and CAM 
programs to be used in conjunction with the braiders. Equipment manufactured by Ratera can 
braid and produce products such as glass fibers, shoe laces, large diameter braids, elastic 
cords, drawstrings, lace trimmings, fishing lines and nets, fancy braids, and electrical and 
hydraulic conductors; Ratera also produces winding machinery and parts for braiding 
machinery ( www .ratera. com , 2010). 

2.8.7 Trenz-Export 

Trenz-Export is a producer of braiding and winding machines located in Santpedor, 
Spain with over 30 years of experience. With a wide range of machinery options, Trenz- 
Export can create flat, elastic, zig-zag, and soutache braids, jacquard yarns, shoe laces, 
candle wick, marine and climbing ropes, metallic cables, and more. Trenz-Export’ s 
machinery can braid any textile and metallic material, and has the capability to create special 
braiders to suit customer needs (www.trenzexport.com , 2010). 

2.8.8 Additional companies 

The following companies of braiding equipment have been identified but have little 
or no information on their products and business. OMR produces winding equipment for 
braiding machinery and sewing threads. Penguin Engineers is a packaging and rubber 
industry based in India that produces braiding equipment exclusively for the production of 
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rubber hoses. Inter-tex Co, Ltd is a producer of textile machinery which includes lace 
braiding equipment and is based out of Korea. 

2.9 Alternatives to Braiding 

Narrow fabric knitting machines produce textiles with similar properties and end uses 
as many braided textiles. Lamb Knitting Machine Corporation, an industry leader in the 
production of narrow fabric knitting machinery, provide some advantages of narrow fabric 
knitting: the simplest and most productive process of creating narrow fabrics, knitting is a 
faster process than braiding and doesn’t require any special yarn packages or spools. Knits 
are also more resilient, have much greater stretch, and are more porous than other textiles 
(www.lambkmc.com , 2010). These properties may be more desirable in certain product 
applications, creating a need for knitted products rather than woven or braided. 
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CHAPTER III 


3. APPROACH FOLLOWED 



3.1 Description of Experimental Machinery 

Preliminary research commenced with trial and error studies on a Steeger USA 
electronic braider, succeeded by experimental work on a Cobra 450 Maypole braider. Due to 

the ease of spool 
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continued experimental 
work while the Steeger 
USA machine was not 
used in further trials. In 
addition to the two 
braiding machines, a 
Herzog winder was 
utilized to prepare the 
spools for the Cobra 
braider. 


Figure 19: Cobra 450 Braiding Machine, North Carolina State University, 2010 
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3.1.1 Cobra 450 Braider 


The braider used in the production of all braids reported in this study was the Cobra 
450 in which spools were allowed to travel in alternating circular directions as they passed 
over and under opposing spools. A standard twenty-four spool Maypole braider, the Cobra 
450 produced hollow braids that allowed the structure to be utilized with or without a core; 
the machine was also capable of fabricating flat braids through the depression of the tubular 
structure and stitching the braid flatly in place. Figure 19 displays the Cobra 450 braider 
located in the College of Textiles lab. 

Machinery operation was simple and user friendly. A red and yellow switch located 
on the right panel of the machine powered the system, with one red and one green button on 
the front that activated and ceased the carrier cycle. It was necessary to set the desired carrier 
speed before machine operation; a dial on the front of the machine controlled the machine 
speed and had to be turned to the right or left 

in order to slow or speed up the carrier 
motion. Once the chosen speed was selected, 
a switchlike mechanism locked the dial from 
turning and to ensure the set speed. 

Before machine operation could 
begin, the take-up speed of the braid 
additionally needed to be set through manual 

selection and implementation of the proper gears. By setting the take-up speed, the braid 
angle and braid diameter would be controlled and set to ensure the desired properties; the 


Table 1: Cobra 450 Gear Combinations and Resulting 
Picks Per Inch 


Factors in Controlling Take-up Rate 

Gear A 

Gear B 

Picks Per Inch (25 mm) 

50 

10 

12 

46 

24 

14 

44 

26 

16 

41 

29 

18 

37 

33 

20 

35 

35 

23 

33 

37 

26 

29 

41 

29 

26 

44 

33 

24 

46 

39 

10 

50 

44 
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gear combinations had a direct correlation with the picks per inch. When the machine’s take- 
up rate was at a slower speed, the picks would be more tightly packed in, resulting in a higher 
pick count. Adversely, those braids constructed with a faster take-up rate had less picks per 
inch. The Cobra 450 had eleven differing gear settings to produce a variety of braid angles 
and sizes. This braiding apparatus had difficulties running efficiently at the smallest gear 
combination as the braid tended to buckle and had to be manually pulled to allow for a faster 
take-up speed. All gear arrangements and sizes for the Cobra 450 are outlined in Table 1; the 
larger Gear A, the less picks per inch (and faster take-up rate) and the larger the braid 
diameter upon release from the machine. 

Picks per inch was chosen to represent the take-up rate of the braid as Douglas (1963) 
and Omerglu (2006) name this method as an appropriate measure of braid properties and 
take-up rate. In addition, both braiding machines represented in this study (Steeger USA and 
Cobra 450) utilized picks per inch as their measure of take-up rate. 

Periodically, the machine would require greasing. To properly lubricate the machine, 

revolutions of the grease wheel 
located on top of the gearbox was 
required. Furthermore, manual 
control of the carrier motion could 
also be controlled through the grease 
wheel in order to view the 
interlacing of individual threads; the 



Figure 20: Threading the Spool 
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slow motion aided in ensuring the correct interlacement was implemented. Though the 
machine was set up to run a 2x2 interlacement on twenty four spools, manual manipulation 
of the machine allowed for lxl and 2x1 structures through spool removal. In order to run 
these interlacements, the start button had to be manually depressed at all times; without all 
twenty-four spools mounted, the machine would stop as if there was a thread break or 
tensioning issue. 

To form the braid point, all twenty four yarns had to be brought together from each 
respective carrier. In order to thread each carrier, the spool had to be positioned on each 
carrier so that the yarn wound off the spool in the same direction to maintain the proper 
tension. The yam was then pulled 
through the metal loop connected to 
the carrier and down under the hook 
at the bottom of the carrier. Once 
under the carrier hook, the yam was 
pulled up and through the eyelet at 
the top of the carrier; to implement 

the yarn into the braid, the thread 
had to either be tied in or caught in 
at the braid point. The resulting braid was then controlled by the take-up gears’ speed and 
was wound onto the take-up reel. Any broken threads, tension problems, or missing spool 
would automatically stop the machine. Figure 20 displays the necessary steps for threading 
the braider spool. 



Figure 21: Herzog Spool Winder 
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3.1.2 Herzog Winder 

Spools were prepared through use of the Herzog winder. Machine operation of the 
winder was straightforward: yarn packages were strung through an eyelet and tensioning 
screw, up through another eyelet, and down through one final eyelet to an empty spool; 
empty spools were placed at the front of the machine where the yarn was captured between 
the spool and spool holder. Similar to the braiding machine, a switch on the right side of the 
machine was rotated to power the machine. To begin winding, a green button on the front 
machine had to be depressed to start the motion and was stopped by an adjacent red button. 
A dial on the front of the machine allowed the user to control the speed of the winder. 
Finally, the traverse could be adjusted to suit different spool package sizes (for differing 
braiding machines). Figure 21 exhibits the Herzog Winder. 



Figure 22: Tensile Tester, MTS Renew Model 
1122 (www.instrumet.com, 2011) 


3.1.3 Tensile Tester 

A certain number of braids underwent testing 
on a MTS Renew tensile testing apparatus, model 
number 1122 (Figure 22). The system had an 
interfaced computer programmed with Test Works 
software capable of calculating peak load, 
elongation, modulus, breaking tenacity, and breaking 
toughness of the material. To mount the specimen 
into the mechanical apparatus, one end of the 
material was wrapped around the jaws of the capstan 
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yarn clamps several times to avoid slippage; once secured by depressing a pedal that released 
air pressure, the other end was wrapped and clamped into place. After inputting the 
yarn/braid denier, the distance between the jaws (gauge length), and speed (in/min), a “run” 
button was selected within the software to begin the machine cycle. Once placed within the 
apparatus, the clamps applied force in opposite directions, causing the material to stretch, and 
then finally break or manually stopped. The pedal had to be pressed to release the sample, 
allowing for the next sample to be inserted in the jaws. All data of the material was 
simultaneously generated and stored in the software while the specimen was being tested. 
During testing, each group of samples could be named for identification purposes; when all 
samples had been tested, all data of the stress/strain curves and summaries could be exported 
and opened in Microsoft Excel for further analysis. 

3.2 Methodology 

The following research observed fancy braid creation through both qualitative and 
quantitative research. Visual observation was heavily used within the qualitative research to 
scrutinize aesthetic and descriptive properties, as well as the process of how these properties 
were altered due to changing variables. Quantitative studies were used to obtain valid data in 
order to measure yarn and braid performance properties. 

Samples collected and tested were the final constructed braids and their related yams. 
Yam sampling strategy was based on judgment and then convenience. Judgment sampling 
was used to obtain certain hypothesized attributes based on fiber type (such as Wire, Nylon, 
Polyester, Elastane, etc), while convenience sampling used those yarns that were available to 
the College of Textiles. 
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The experimental design aimed to develop fancy braids that varied in interlacement 
type, spool placement, and yam type in varying combinations for each assembled braid on 
the Cobra 450 Maypole braider. Each spool was placed in a specific position along the 
carrier track according to placement and direction of movement to develop differences in 
braid structure and patterns; varying yams would create effects in color, diameter, texture, 
etc. Differing interlacement stmctures were limited to 2x2, 2x1, and lxl, but were 
investigated to determine differences in physical properties and aesthetic effects. 

Certain braids underwent tensile testing to measure the braids’ peak loads and 
elongation. Braids underwent physical testing to determine the physical effects of varying 
braid interlacements and yarn inputs. Those braids created for physical testing were 
measured for braid angle and diameter for each take-up rate setting and interlacement design. 
Braids created purely for physical testing were discarded after bursting and had no visual 
effects to display. 

All braids with visual effects were mounted on black and white cardstock for better 
ease in identifying color patterns and effects. As there was no existing method for braid 
pattern development, woven color effect strategy was implemented to aid in braid pattern 
prediction. When designing the woven color effects, the size of the color effect repeat was 
first calculated from the interlacement repeat size and the color arrangement of the warp and 
fill yarns. The warp ends were first colored in, then the remaining blank squares were filled 
in with the colors of the fill yarns. The woven repeat was then rotated 45 degrees 
counterclockwise to visually show the braid color effect. Though this rotation was chosen 
for visual analysis, it was important to note that this angle was not a suitable prediction of 
actual braid angles 
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CHAPTER IV 


4. PRELIMINARY STUDIES 

Preliminary work was designed to concurrently procure an assortment of braid 
samples and provide self-training on the braiding apparatus. By producing a series of braids, 
an improved comprehension of machine settings, material choice, and placement of yarns 
was achieved, while simultaneously fabricating a heightened design aesthetic in producing 
visual effects. Aesthetic properties were assessed due to the impact of spool placement, 
materials, and yarn color in the following trials; specific studies in color and structural design 
were undertaken to design a diverse analysis of fancy braids. Though these studies were 
heavily qualitative based, conclusions were still drawn and results will be included within the 
following chapters. 

4.1 Color Studies 

Initial preliminary trials commenced with fundamental two-color studies in order to 
provide a deeper understanding of the 
machinery’s capabilities and potential. Early 
trials operated under the standard 2x2 
interlacement structure with all twenty-four 
spools mounted on machine carriers. To aid 
in the prediction of braid color patterns, 
spools were placed in alternate sequences 

Figure 23: Numbered spools for braid template 

according to strand and spool number; in 
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addition, woven color effects were designed and applied to the braided structure. To produce 
the desired braid effect, woven color patterns were designed on a grid and then rotated 45 
degrees to visually observe the braid pattern; the rotation of the grid was necessary to 
represent the diagonal helical path that yarns of a braid follow within the tubular structure. It 



Figure 24: Color Template for Braid Pattern Development 

should be noted that this rotation was purely for illustrative purposes, the actual braid angle 
of each braid varies due to the take-up rate, diameter of the yarn, interlacement structure, etc. 
Though these patterns could be constructed utilizing woven color effect strategy, an 
important variable lay in the mechanical carrier path; spools mounted on carriers followed 
opposing serpentine routes, differing from the vertical and horizontal layout of a woven 
product. Due to this factor, color arrangements had to be carefully considered when 
translating the point paper design to the actual braided structure. 

More arduous patterns utilized a braid template in which all twenty-four spools were 
prepared with differing colors and labeled with unique numbers; spools following a 
clockwise path were labeled with even numbers while those moving counterclockwise were 
assigned an odd number. Each pick could be selected from the braid template to replace with 
a color of the desired pattern. Once the desired pick was selected, it would be referenced to 
its spool number and replaced with the appropriate color to create the desired pattern. Figure 
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23 displays the numbered spools and Figure 24 shows the color template for color pattern 


development. 



All braid color studies adopted a series of yarns adhering to the same, unvarying 
properties aside from color. The yarns chosen for the study were false twist textured 
Polyester, 650 denier count, 288 filaments. The colors implemented within all studies were 
orange, brown, white, and blue and can be found in Figure 25. These yarns were selected 
based on their availability to the College of Textiles. 

4.1.1 2x2 Patterns 

The first series of braids were designed to develop patterns derived from an even 

^ number of each color. To further 

illustrate, half of the carriers were 
mounted with spools wound in blue, 
while the other half were filled with 
spools of brown. Twelve spools of each 
color were wound on the Herzog winder 

Figure 26: 2x2 Pinstripe Pattern Woven Color Effect Strategy 



ii.gttiitiithh.ti 







47 


and transferred to the Cobra braiding machine. To produce a braid that was considered the 
appropriate size in diameter and braid pattern for visual observation, take-up gears were 
positioned in a 50/10 arrangement (12 picks per inch) for all 2x2 braids. 

In order to develop a 
“pinstripe” pattern, the 
drawing was first drawn on 
point paper and then 
sequentially placed spools of 
each color on those carriers 
Figure 28: Spool Arrangement for 2x2 Pinstripe Pattern advancing in the Same direction. 

For example, all brown spools were placed on carriers moving clockwise, while all blue 
spools were assigned to those moving counterclockwise. The point paper designs can be 
found in Figure 26, Figure 27 shows the spool arrangement, while Figure 30 (#2) shows an 
example of the finalized braid pattern. In order to evaluate the spool set-up diagrams, it 
should be understood that chronological 
numbers were used to represent the 
number of differing colors and the spool 
placement of these colors; in the image 
above, “1” can represent the color 
brown and “2” can represent the color 

blue. Figure 27: Woven Color Strategy for the Development of 

Zig-Zag Stripes 
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By alternating spools containing brown and blue threads in the direction of the 
carriers, a horizontal zig-zag stripe could be developed; the clockwise spools alternated 
between blue and brown spools sequentially along the circular path, while the same sequence 
occurred in the counterclockwise direction. Figure 28 demonstrates the woven color effects 
for the braid pattern, and Figure 29 shows possible spool setups to achieve this pattern. 

Figure 30(#1) displays the final braid pattern. 

Additional patterns developed through two-color 2x2 braid strategy included argyle 
(#3), thin diamonds (#4), thick diamonds (#5), spiral stripe and pinstripe combination (#8), 
and two miscellaneous patterns (#6 and #7). Thick and thin diamond patterns were created 
by adding a differing color than that of the base 
color on spools that traveled in diverse directions. 

For example, two white threads were placed on 
opposing spools against ten brown spools to 
achieve a thin diamond pattern. To successfully 
construct the argyle pattern, half of the colored 
threads had to be placed on one side of the 
machine while the other half needed to be placed 
on the remaining carriers. Specifically, a balanced 

assortment of both color groups was placed on carriers moving in both directions on each 
side of the machine. 



Figure 29: 2x2 Zig-Zag Stripe Spool Set-Up 
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The three other patterns (#7, #8, and #9) had more intricate spool set-ups for each 
individual color. Instruction for creating these patterns can be found within the spool set-up 
guides referenced in the appendices. In order to achieve those more randomized patterns, 
experiments in color effects were undergone through the interchanging of spool location and 
color. 



Figure 30: 2x2 Two-Color Braid Patterns: 1. Horizontal Zig-Zag Stripe 2. Pinstripe 3. Argyle 

4. Thin Diamond 5. Thick Diamond 6. Miscellaneous Pattern #1 7. Miscellaneous Pattern #2 

8. Spiral and Pinstripe Combination 


Once two-color patterns options were exhausted, experimental trials in three-color 
patterns were undertaken. Four specific patterns were developed which included a three-color 
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spiral stripe (Figure 31 #1), zig-zag stripe (#2), checkmark pattern (#3), and a racing stripe 
(#4). In order to achieve a three-color spiral stripe, spools moving clockwise were placed in 
the sequence: blue, white, blue, white, blue, white, orange, white, orange, white, orange, 
white. Those spools traveling counterclockwise followed the same sequence. To further 
illustrate, all white spools were placed on the outside carriers, while half of the blue and 
orange spools were placed on each half of the inner carriers. 



The third “checkmark” pattern was achieved by placing all clockwise and 
counterclockwise spools in the order of blue, brown, and white on all carriers residing on the 
machine. A subtle racing stripe pattern was discovered when an orange, then blue, and 
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another orange spool were placed in sequence on three carriers with the remaining carriers 
filled with brown spools; this pattern was simple to design and execute from point paper 
diagram. The three-color zig-zag stripe was considerably more arduous to fabricate with a 
more complicated spool set-up. Due to this factor, the arrangement of spools can be 
referenced in Appendix A, along with all other spool set-up diagrams. An image of the 
resulting braid patterns can be observed in Figure 3 1 . 

4.1.2 lxl Interlacement Patterns 

To prepare the machine for a lxl interlacement, half of the spools were removed 
from the Cobra 450 in order to leave only twelve spools 
mounted on the carriers. In ensure that the correct 
interlacing of threads was accomplished, care was taken 
to confirm that six of the twelve spools moved in a 
clockwise direction, while the remaining six circled in a 

counterclockwise motion. If the spools were not evenly Fi g Ure 32 : lxl Spool/Carrier Arrangement 
separated to circle in opposing motions, the braid would create areas of twisted yarns, rather 
than the interlacing required for braided products. Spools were grouped in twos and were 
placed at every other grouping. For example, two spools were loaded on the carriers, then 
two carriers were left vacant. Figure 32 shows this setup; all circles with a bar over them 
represent those that are empty. To maintain consistency of pattern and braid size, all lxl 
braids were constructed on a 44/26 take-up gear setting; it was believed that this gear size 
produced the most visually pleasing pattern size when surveying the braid. 
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The first pattern procured was a thin diamond pattern in which ten spools were wound 
in brown yarn and two spools were wound in white; the two white spools traveled in 
opposing directions to create the intersecting diamond shape. Thicker diamond patterns were 
actualized by adding two more white spools in each direction; the first set-up had four white 
spools and four brown spools, with 


the white spools moving in adverse 
directions. The second set-up added 
one more white thread in each 
direction for a total of six white 
spools and four brown spools; three 
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white moved counterclockwise, the Figure 33: Diagonal Stripe Woven Color Effect 

other three moved clockwise. The second set-up not only created somewhat of a thicker 

diamond pattern, but led to areas of color blocks which created a much different pattern than 

the first diamond pattern. The braids in Figure 35 
(#6, #7, and #8) show these patterns. 

A two-color diagonal stripe was created by 
alternating colors on carriers moving along the 
same route. The braid created in this experiment 
switched brown and blue spools on each carrier 
moving clockwise and then interchanged brown and 
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blue spools on those carriers moving counterclockwise. These spools were grouped by 
colors, alternating each color group for each available carrier. Figure 33 shows the woven 
color effects for the diagonal stripe braid pattern, while the final braid can be found in Figure 
35 (#1). 


lxl structures created pinstripe patterns as well as the 2x2 braids. The pattern was 


created by placing six brown spools on those carriers traveling clockwise and placing six 



Figure 35: lxl Two-color Patterns: 1. Diagonal Stripe 2. Pinstripe 3. Small Chain- like Pattern 4. Large 
Chain-like Pattern 5. Twisted Pattern 6. Thin Diamond 7. Thicker Diamond 8. Thickest Diamond (Color 
Block) 9. Small Diamonds 10. Twisted Pattern Variation 


54 



white spools on those carriers moving counterclockwise. Figure 35 (#2) shows this pattern. 

A unique pattern created that was anomalous to the lxl interlacement was one that 
had a chain-like appearance. Two braids exhibited this type of pattern, though one was much 
larger than the other. The first braid had six white and six brown spools with a specific 
arrangement shown in Figure 34. Those spools moving clockwise alternated between white 
and brown, while those moving counterclockwise had three white spools advancing in a row, 
followed by three brown spools. The second braid with the larger chain pattern was 
achieved by adding two more white yams that were both moving counterclockwise; this 
pattern utilized the same clockwise arrangement as the first pattern, but the counterclockwise 



Figure 36: lxl Three color patterns: 1. Miscellaneous Pattern #1 2. Three-color Line Pattern 3. 

Miscellaneous Pattern #2 4. Miscellaneous Pattern #3 5. Miscellaneous Pattern #4 6. Three-color Racing 

Stripe 7. Three-color Chain-like Pattern 
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movement had five white spools moving in a row, with only one brown spool following. 

Both patterns can be found in Figure 35 (#3 and #4). 

Three additional braids with less defined patterns were achieved. Within Figure 35, 
numbers five, nine, and ten were created by the interchanging of spools. Number five 
created somewhat of a twisted pattern, number nine had small diamonds and lines, and 
number ten was a variation of number five in blue. All spool set-ups to attain these patterns 
can be found within Appendix A. 

Conforming to the same strategy utilized within 2x2 pattern construction, both two 
and three-color lxl patterns were fabricated. Found within Figure 36, seven three-color 
patterns were adopted within lxl interlacement structures. The first pattern achieved (Figure 
36 #1) was created by placing four orange spools on those carriers moving clockwise, four 
white spools placed on those moving counterclockwise, and then placing two blue spools in 
each direction. When constructing the second lxl three-color pattern, orange, blue, and 
white spools had to be placed in sequence while moving in both directions; the specific 
arrangement created a pattern of lines in each color. 

The pattern found in Figure 36 #4 was created by placing two orange, two blue, and 
then two white colors in sequence moving in both clockwise and counterclockwise 
directions. Designed as a simple racing stripe, the sixth braid was created by placing blue, 
white, and then blue on three spools moving clockwise; the remaining available carriers were 
filled spools wrapped in the brown polyester yarn. The last braid developed within the lxl 
three-color series (Figure 36 #7) was an adaptation of the chain-like pattern developed within 
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the lxl two-color studies. All other three-color patterns (#3 and #5) had more random spool 
arrangements; the diagrams for these arrangements can be found within Appendix A. 

4.1.3 2x1 Interlacement Patterns 

The final interlacement pattern achievable on the Cobra 450 was a 2x1 arrangement. 
In order to prepare the machine, carriers were modified by removing six of the spools from 



the twenty-four spool arrangement; eighteen spools 
remained to form the interlacement. Manual rotation of 
the carriers was necessary to ensure that each spool 
remaining revolved in a 2x1 or 1x2 fashion in order to 
create the proper thread interlacing. Figure 37 displays the 


setup; all circles with a bar over them represent those that 

Figure 37: 2x1 Spool/Carrier 
Arrangement 

are empty. 

Twelve two-color patterns were created following the 2x1 interlacement design. 
Simple patterns such as a spiral, double spiral, thin diamond, and double diamond were 
created. The same strategy used with 2x2 and lxl patterns was assumed in adapting those 
simple patterns to a 2x1 structure; the spiral and double spiral simply placed one white spool, 
then two white spools for the double spiral in one direction and filled the remaining spools 
with blue threads. Figure 38 #6 shows an example of how difficult it is to view patterns when 
they followed a 1x2 formation, rather than a 2x1. The specific 2x1 arrangement had to be 
carefully planned when laying out spools to best view the color pattern. Spiral patterns can 
be found within Figure 38 #6, #7, and #9. 
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Figure 38: 2x1 Two-Color Patterns: 1. Miscellaneous Braid #1 2. Color Blocks 3. Pinstripe 

4. Miscellaneous Pattern #2 5. Double Cross Pattern 6. 1x2 Spiral 7. 2x1 Spiral 8. Thin Diamond 

9. Double Spiral 10. Double Diamond 1 1 . Double Diamond Variaton 12. Double Diamond Variation #2 


The diamond and double diamond patterns were fashioned by inserting white spools 
on those carriers moving in opposite directions then those residing on the carriers from the 
spiral formations; these patterns can be viewed in Figure 38, numbers eight and ten. Braids 
located in Figure 38 #11 and #12 were variations of the double diamond pattern that were 
achieved by adding additional white threads in each direction. 

To develop the second braid shown discovered in Figure 38, all white spools had to 
be placed one half of the machine, while all blue spools occupied those carriers on the other 
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half; the specific spool arrangement allowed three white and three blue spools to travel 
clockwise, whereas the other consecutive white and blue spools traveled counterclockwise. 
The pinstripe pattern (Figure 38 #3) was developed by placing all white spools on those 
carriers traveling clockwise and all blue spools on carriers traveling counterclockwise. 
Residual 2x1 two-color braids required more complex spool arrangements and can be studied 
within the appendices; additionally, those remaining braids not described above can be 
viewed within Figure 38. 



Figure 39: 2x1 Three-Color Pattern: 1. Color Blocks 2. Three-Color Line Pattern 3. Miscellaneous Pattern #1 
4. Color Block #2 5. Pinstripe Variation 6. Miscellaneous Pattern #2 7. Miscellaneous Pattern #3 

8. Miscellaneous Pattern #4 


Lastly, 2x1 three-color pattern studies were undertaken, developing eight patterns that 
were fabricated through the adoption of orange, white, and blue colors. The first braid 
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constructed (Figure 39 #1) was achieved by placing three orange, three white, and three blue 
in succession in both the clockwise and counterclockwise directions. The second braid 
created somewhat of a three color spiral pattern by placing a white, blue, and orange spool in 
order and repeating around the circular area in both directions of carrier movement. 

Figure 39 #4 formed a pattern that had blue and white blocks of color, with orange 
crosses through the blocks; this design was conceived by placing four blue threads in a row, 
then one orange, then four white threads in the clockwise direction. The same sequence was 
used in the counterclockwise direction; all eight blues and all eight white threads were 
grouped together. The fifth braid utilized the spool arrangement of the pinstripe pattern 
formed within the two-color study; the only exception was that an orange spool was 
positioned on carriers moving in each direction. All other 2x1 three-color patterns had more 
complex arrangements which can be explained by their spool set-ups found in Appendix A. 
4.2 Thick and Thin Yarns 

Fancy braids were constructed from yams of varying thicknesses and colors to further 
assess the aesthetic design possibilities of a simple braiding machine. A variety of yams 


Table 2: Yarns with Varying Diameters for Fancy Braid Creation 


Yarns Used in Thick and Thin Combinations 

J 

Yellow Fancy 
Space Dye 
Red Fancy (Core) 

Red Fancy (Overfeed) 

i Content 

1100% Nylon 
1 100% Cotton 
'l00% Nylon 
,100% Nylon 

Count 

N/A 

8/2 Cotton 
1055 denier 
1206 denier 

'Technique 

N/A 

, Four colors in space dye 
|2 core yarns, overfeed 
'2 core yarns, overfeed 

Boucle 

Antron Lumena Carpet Yarn 
Polyester Colored Yarns 

1100% Nylon 
'100% Nylon, 6,6 
1 100% Polyester 

1350denier 

h 

1750denier 

650denier 

2 core yarns, overfeed 
i Bulked Continuous Filament 
i False twist, textured 
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were used; the most in-depth studies combined a boucle yam and the polyester yams 
originally used in the color studies above. Table 2 lists the variety of yams used in these 
studies to achieve different surface results, along with their content; while Figure 40 exhibits 
the yams themselves. 



Figure 40: Thick and Thin Yarns Used in Constructing Braids: 1. Red Fancy Yarn 2. Yellow Fancy Yarn 

3. Space Dyed Yarn 4. Polyester Yarns from Color Studies 5. Boucle Yarn 6. Antron Lumena Yarn 


4.2.1 2x2 Fancy Yarns 

Fancy yarns were integrated within braids using the 100% Polyester yarns employed 
in the previous experiment to examine potential design possibilities; under a 2x2 
interlacement stmcture, a 50/10 gear combination was selected as it was considered suitable 
for visual observation of aesthetic properties. Three fancy yarns were chosen to integrate 
within the polyester braids; those yarns were the red fancy, yellow fancy, and space dyed 
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Figure 41: 2x2 Fancy Yarn Braids: 1. Fancy braid with three space dye yarns, one yellow fancy, and white 
polyester 2. Fancy braid with three space dye yarns, one yellow fancy, one red fancy, and white polyester 

identified in Table 2 and Figure 40. As many of these yarns were convenience samples 
available to the College of Textiles, many had incomplete technical information. 

The first sample was constructed by placing two space dye spools in sequence 
traveling clockwise, then one space dye yarn running counterclockwise, and finally one 
yellow fancy yarn running clockwise; all remaining twenty carriers were mounted with white 
polyester yarns. Maintaining the exact structure of the first sample, the second sample 
replaced a clockwise and counterclockwise white spool with that of the thick red fancy yarn. 
Both fancy braids can be referenced within Figure 41. 

4.2.2 Boucle Yarns 

After observing the interesting effects that the thicker fancy yarns had on regular 
braided structures, a study commenced to observe the effects of large diameter yams paired 
with their thinner counterparts; changing of take-up gears was an essential key to the process 
as the take-up speed greatly affected the profile of the resulting braid. A boucle yam was 
chosen to participate in all studies, and a thicker Antron Lumena carpet yarn was integrated 
into select braids as well. These studies were carried out on all three interlacement types to 
detect any distinctiveness within braids. 
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lxl structures were the first to be fabricated; the first sample was assembled with 
gears set at 44/26 as a 50/10 gear set-up was believed to create too loose a braid to assess the 
design. One boucle spool was deposited among eleven polyester spools. From there, the next 
two samples integrated another boucle yarn following the same path as the boucle in the 
previous braid; the only differing factor in the two braids was that the second sample was 
constructed with a core through its center, producing a slightly thicker braid. The fourth 
sample contained the same two boucle yarns, however the gear settings were altered to 



Figure 42: lxl Boucle Studies: 1. 44/26 One Boucle 2. 44/26 Two Boucle, No Core 3. 44/26 Two Boucle - Core 
4. 33/37 Two Boucle 5. 26/44 Two Boucle 6. 26/44 One Boucle 

33/37; the fifth sample lowered the gears down to a 26/44 setting. Finally, the last sample 
removed a boucle yarn, leaving only one boucle amongst eleven polyester spools with a 
26/44 take-up rate. Figure 42 shows those braids developed. 
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The next group of lxl braids placed boucle yarns on spools of opposing directions; 
the first sample had gears set at 44/26 and the second was set at 33/37. The third sample 
added two boucle spools in each direction for a total of four boucle yarns in opposing 
directions. The fourth sample remained constant with the four boucle yarns but switched 
back to a 44/26 take-up rate as the 33/37 was too slow and complicated to run at a slower 
speed with four thicker yarns. Finally, the last two samples added an Antron Lumena® yarn 
to the boucle/polyester braids; gears remained constant at 44/26 and the samples first added 
one Antron Lumena in the clockwise direction, and then the last sample added another in the 
counterclockwise direction. These braids may be referenced in Figure 43. 



Figure 43: lxl Boucle Studies Continued: 1. 44/26 Opposing Two Boucle 2. 33/37 Opposing Two Boucle 

3. 33/37 Opposing Four Boucle 4. 44/26 Opposing Four Boucle 5. 44/26 Four Opposing Boucle, 1 Pseudo Chenille 
6. 44/26 Four Opposing Boucle, 2 Opposing Pseudo Chenille 
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2x1 braids constructed from varying diameter yarns were the next subsequent 
structures to be fabricated. The first sample arranged gears at 44/26 and replaced one 
polyester spool with one boucle; a total of seventeen polyester spools and one boucle spool 
were mounted on the braider’s carriers. Adopting the same spool set-up as the following 
braid, the second braid replaced 44/26 take-up gears with a 26/44 combination. The 
remaining braids were created using the same take-up gear strategy as this was considered 
the optimum speed to create a helical structure. 

The braid in Figure 44 (#3) was designed with two boucle yams running sequentially 
in the clockwise direction; adding two more boucle yarns in the clockwise direction, the 



Figure 44: 2x1 Boucle Studies: 1. 44/26 One Boucle 2. 26/44 One Boucle 3. 26/44 Two Boucle 4. 26/44 
Four Boucle 5. 26/44 Four Boucle, Two Pseduo Chenille 6. 26/44 One Boucle, One Nylon Monofilament 
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fourth braid increased in diameter, while the fifth braid utilized the same arrangement, only 
adding two Antron Lumena yarns in the clockwise direction. Lastly, a sample was 
engineered with a monofilament rigid nylon yarn and one boucle yarn both moving 
clockwise, with all polyester yarns mounted on the empty spools; this sample mostly had an 
effect on the rigidity and alignment of the braid, rather than affecting the helical structure. 

2x2 boucle structure studies began by setting a take-up rate to 50/10 and placing one 
boucle spool among twenty-three polyester spools. From there, the next two samples utilized 
the same spool set-up, only switching the take-up gears to a 35/35 combination and then to 
26/44. The fourth and fifth samples added another boucle in the clockwise direction with 



Figure 45: 2x2 Boucle Studies: 1. 50/10 One Boucle 2. 35/35 One Boucle 3. 26/44 One Boucle 
4. 35/35 Two Boucle 5. 26/44 Two Boucle 6. 50/10 Four Boucle 7. 33/31 Four Boucle 

gears set at 35/35 and then 26/44 to determine changes in size and tightness of the helical 
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structure. Lastly, the sixth and seventh samples placed four boucle spools revolving in the 
same direction with gear combinations arranged at 50/10 and 33/31. Figure 45 displays all 
2x2 boucle braided structures. 

4.3 Structural Braid Studies 

Yarns with various extension properties were chosen to integrate within braids to 
determine their influence on the braided structure. The materials chosen to place within 
braids included wire, low-melt PE, monofilament rigid nylon, Kevlar®, and elastane; these 
yarns were appointed specific spool placements to influence structural differences between 
braids. Table 3 below specifies technical yarn information used within structural braid 
studies, while Figure 46 provides a visual image of the yams used within the study. 


Table 3: Properties of Yarns Used in Structural Braid Studies 


Yarns Used in Structural Braid Studies 



I Content 

i Count 1 

Filaments 

Metal Wire 

1 100% Stainless Steel 

isize .006 1 

1 

L 

Rigid Monofilament 

l 100% Nylon 

1 

l 6250denier , 

l 1 

Elastic 

1 100% Lycra 

N/A i 

N/A 

Kevlar 

,100% Kevlar 

,1000 denier 1 

N/A 

Low-melt Polyethylene 

1 100% Polyethylene 

il50denier 1 

20 
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Figure 46: Yarns Used in Structural Braid Studies: 1. Nylon Monofilament 2. Kevlar 3. Elastane 
4. Stainless Steel Wire 


4.3.1 Metal Wire Studies 

Wire metal yarns were placed into 2x2 braids beginning with a 50/10 gear 
arrangement; Figure 47 (#2) was created by placing one single wire spool among twenty 
polyester spools. The third braid in Figure 47 added another wire to the arrangement, 
allowing for one wire to travel clockwise while the other wire moved counterclockwise. Due 
to the loose interlacements and the protrusion of wire yarns, a tighter pick spacing was 
selected through a 41/29 gear configuration. Figure 47 (#4) was produced by replicating the 
same spool set-up as the previous braided structure, but altering the gears to a slower take-up 
speed. The last braid represented in Figure 47 (#1) used four wire yarns mounted on carriers 
running in opposing directions to design its coiled configuration. 

The succeeding group of braids approached wire studies from an expansion 
perspective; it was hypothesized that placing wire yarns in both directions of the tubular 


68 


structure would open up the braid and keep it from collapsing into a flat tubular formation. 


To provide adequate volume to visually note the braid expansion, gears were arranged in a 
50/10 combination. The first sample sustained the previous arrangement of four wire spools 
moving in adverse routes, though a faster take-up speed was set. To produce the second 
braid in Figure 48, six wire spools were mounted onto carriers, half moved clockwise while 
the other half traveled counterclockwise. The final braid of the series was comprised of eight 
wire spools and sixteen polyester spools; in this set-up, four traveled clockwise and the 
remaining spools followed the counterclockwise path. 
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Figure 47: 2x2 Wire Studies: 1. 41/29 Four Wires, Opposing Directions 2. 50/10 One Wire 3. 50/10 Two 

Wires, Opposing Directions 4. 41/29 2 Wires, Opposing Directions 
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1 



Figure 48: 2x2 Wire Studies Continued: 1. 50/10 Four Wires, Opposing Directions 2. 50/10 Six Wires, 
Opposing Directions 3. 50/10 Eight Wires, Opposing Directions 


4.3.2 Nylon Monofilament 

A nylon monofilament was interspersed within 2x1 braids comprised of polyester 
yarns. Due to its high rigidity, the monofilament was chosen to integrate into braid structures 
to assess any effects it would have on the braid’s construction. 

The first sample was fabricated by placing one monofilament spool among seventeen 
polyester spools. Due to the monofilament’s rigidity, the material did not conform very easily 
to the spool and proved difficult to control and wind; it was found that only one 
monofilament could be integrated within the braid without causing severe complications to 
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the Cobra 450. As more than one monofilament spool was placed on the machine, the 
uncontrollable unwinding of the yarn would catch onto to other spools and monofilaments, 
causing tangling and producing knots. Each time these faults occurred, the machine would 
have to be stopped and shut down. Though one spool was difficult to control, it could be kept 


from causing problems if the carriers were set to a slow speed. The second sample utilized 



Figure 49: Monofilament Studies: 1. One monofilament, seventeen polyester 2. One monofilament, seventeen 
Kevlar 3 . One monofilament, three wire, fifteen polyester 


the same set-up in terms of monofilament integration, however Kevlar® yams replaced the 
polyester spools. As Kevlar® is high in strength and greatly abrasive resistant, Kevlar® 
yarns were used in conjunction with the monofilament to test if braid structure would be 
more aligned, rather than the wavy structure of the polyester/monofilament combination. The 
third sample integrated one monofilament, two wires, and fifteen polyester yams to test how 
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the expansive property of the wire and rigid monofilament would interact together. Figure 
49 exhibits the constructed braids. 

4.3.3 Low -Melt and Elastane Yarns 

Low-melt Polyethylene yarns were used in conjunction with several of the previously 
explored yam types in the above experiments. Due to the material’s high elongation, some 
unique structures could be created by allowing the material to stretch; the polyethylene also 
had a high shrinkage factor when exposed to heat, allowing for additional distinct braids. 
Though the material had very high stretch properties, it also broke very easily due to its low 
strength. Due to these properties, the yarn was very difficult to control and run the machine 
efficiently without many stops to replace and re-tie yarn breaks. 

The melting point of the polyethylene samples was determined to be 100 degrees 
Celsius, found on the technical specifications provided with the yarn packages. The oven 
temperature was set accordingly and braids were prepared for melting. When the desired 
effect was shrinkage, the braid 
was placed on a 
pol y tetrafl uoroethyl en e sheet to 
prevent it from sticking; after a 
few minutes the braid would 
shrink. If the yarns were meant to 

melt, the braids had to be clamped Figure 50; Clamped Polyethylene Braid in Oven 
down to prevent shrinkage. This effect took much longer, as the polyethylene yarns 
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generally would shrink first, then melt and create a pool of liquid. Figure 50 shows an 
example of a braid prepared to melt. 

There was a degree of difficulty in determining the appropriate amount of time for the 
braid to begin shrinking or melting. Due to this factor, braids were checked approximately 
every five minutes to monitor what stage of melting they were in, if any. Oftentimes, the 
braids had melted or hardened after fifteen minutes; there were some problematic instances 
when the braid would try to shrink but would break at certain points before melting. 



Figure 51: Polyethylene Studies: 1. Polyethylene, One Boucle 2. Polyethylene, One Boucle, Shrunk 
3. Polyethylene, One Wire, Melted and Shrunk 


The first set of samples placed one boucle spool among twenty-three polyethylene 
spools. Due to the polyethylene’s high stretch, the take-up reel often ran slow or stopped 
rotating; this required manual rotation of the grease wheel to ensure a steady rate and 
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consistent braid. The first sample had areas where the boucle was more tightly integrated 
within the braid than others; this was where the take-up reel had ceased to move. The 
following sample utilized the same braid structure and gear arrangement; the only difference 
was that the sample was shrunk in an oven. Figure 5 1 (#2) exhibits the tight arrangement of 
the boucle yarns within the polyethylene arrangement. Lastly, the final sample placed a wire 
spool among twenty-three polyethylene spools and was then shrunk and melted. When 
shrunk, the wire protruded out from the braid in intervals, creating wire loops jutting from 
the straight polyethylene configuration. 

Polyethylene was additionally braided with polyester yarns; gears were set to a 50/10 
gear configuration. The first sample placed ten polyethylene, thirteen polyester, and one 
elastane yam onto the machine carriers. The combined stretch of the polyethylene and 
elastane produced a braid that was tightly contracted and produced protruding polyester 
loops. The second sample placed ten polyethylene and fourteen polyester spools onto the 
machine; the polyethylene yarns pulled the polyester yams together, creating somewhat of a 
ric-rac structure which was amplified when the polyethylene yarns were shrunk in an oven. 
The final braid placed twenty-one polyester and three polyethylene yams together onto the 
serpentine path. When shrunk the hollow braided structure pulled together and created a 
more lofty stmcture than the previous samples. Figure 52 displays those braids produced. 
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Figure 52: Polyethylene/Polyester Studies: 1. Ten Polyethylene, Thirteen Polyester, One Lycra, Heat Shrunk 

2. Ten Polyethylene, Fourteen Polyester, Heat Shrunk 3. Twenty-one Polyester, Three Polyethylene, Heat Shrunk 


A final study placed an elastane yarn among polyester yarns. The first sample used 
the elastane yam as a core, with all twenty four spools mounted with polyester yams and a 
gear arrangement of 50/10. The core was allowed to be stretched and held taut. Figure 53 
(#1) exhibits how the polyester yarns were pulled together slightly due to the elastane core. 
The second sample altered the gear settings to be that of a tighter braid (41/29) structure and 


placed the elastane on one spool among the polyester spools. The stretched and recovered 
elastane caused the braid to take on a helical shape. 



Figure 53: Elastane Studies: 1.50/10 Elastane Core, Twenty-Four Polyester 2. 41/29 One Elastane, Twenty- 

Three Polyester 
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CHAPTER V 


5. EXPERIMENTAL 

Preliminary studies not only enhanced the understanding of the Cobra 450 braider 
capabilities, but also led to an improved understanding of spool alternation effects. The 
influence of the material content and size on the overall function and aesthetics of the braid 
were also further understood. Further quantitative studies were considered necessary in order 
to gain a more in-depth understanding of fancy braid potential beyond aesthetic design. 


Table 4: Yarns for Elongation Performance Studies 


Material Performance Yarns - Elongation 

Polyethylene 
Soft-tec PET 
Draw Textured PET 

1 Content 

| 100% Polyethylene 
, 100% Polyester 

I 100% Polyester 

1 

i Count 

i 150 denier 

1 150 denier 

1 150 denier 

filaments 

l 20 

1 34 

15 


Experimental quantitative studies were designed to assess physical differences in 
material selection and interlacement structure. The first quantitative studies prepared braid 
samples of the differing interlacement types to test for any indicative differences. The second 
set of testing chose three materials with hypothesized differing elongation properties to test; 
those yarns selected are represented in Table 4. 

5.1 Interlacement Studies 

Samples were created at each gear arrangement for each interlacement type (2x2, lxl, 
2x1). Aside from interlacement type and gear settings, all braids followed the same 
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unvarying parameters. Those yarns chosen were the white 100% polyester yarn utilized 
within preliminary trials; however, one differing color was integrated in order to provide ease 
in viewing and measuring braid angles. A total of thirty-three samples were necessary to 
fulfill the requirements for each interlacement; samples were constructed to measure at least 
eighty inches in length to ensure the braids could be cut down into four samples a piece 
(three samples per specimen group with one extra specimen in case of testing failure). 



Figure 54: lxl Braids for Tensile Studies: 1. 50/10 Gears 2. 46/24 Gears 3. 44/26 4. 41/29 5. 37/33 

6.35/35 7.33/37 8.29/41 9.26/44 10.24/46 11.10/50 

Twenty inches was considered a proficient length to ensure that the braid could be wrapped 
around the jaws of the tensile tester and leave enough length between the clamps. 

Before braids could be tested on the tensioning apparatus, the denier of each sample 
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had to be determined. In order to calculate the denier, each braid had to be measured to 


ensure the length was at twenty inches. The measurements of the three samples were then 
averaged together and then converted to meters. All three samples of each group were 
weighed on a three place scale together and recorded. The weight (g) was then divided by 
the averaged length (m) and then multiplied by 9,000 to determine the denier. 

Additionally, braid diameters and angles were measured and recorded with each set 


of braids. As the take-up rate was determined by the gear arrangement, and the take-up rate 



Figure 55: 2x1 Braids for Tensile Studies: 1. 50/10 Gears 2. 46/24 Gears 3. 44/26 Gears 4. 41/29 Gears 
5. 37/33 Gears 6.. 35/35 Gears 7. 33/37 Gears 8. 29/41 Gears 9. 26/44 Gears 10. 24/46 Gears 
11. 10/50 Gears 


had effect on braid angle and diameter, it was important to note these factors. Comparisons 
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could be made between interlacements based on gear settings and braid angles/diameters. 
Figures 54, 55, and 56 show the actual braids measured and tested, beginning with braids 




Figure 56: 2x2 Braids for Tensile Studies: 1.50/10 Gears 2. 46/24 Gears 3. 44/26 Gears 4. 41/29 Gears 
5. 37/33 Gears 6. 35/35 Gears 7. 33/37 Gears 8. 29/41 Gears 9. 26/44 Gears 10. 24/46 Gears 11. 10/50 
Gears 
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constructed with a 50/10 gear arrangement. 

Once all the braid deniers were recorded, testing could begin on the tension testing 
apparatus. The test method used in this experiment was the ASTM Standard Laboratory Test 
Method D 6775-02, “Standard Test Method for Breaking Strength and Elongation of Textile 
Webbing, Tape and Braided Material”. Important equipment used in this experiment 
consisted of MTS Renew tester (Model 1 122), which had an interfaced computer capable of 
calculating breaking force, breaking tenacity, elongation, initial and chord modulus, and 
breaking toughness of the braid. The load cell capacity of the MTS was 5 kg, the gauge 
length was set to 10 inches, and the strain rate was 3 in/min (per the chosen test method). 
Additionally, the machine used capstan yarn clamps, and the clamp air pressure was set at 40 
PSI. 

Ensuring that the specimens were properly preconditioned twenty-four hours before 
testing, all ninety-nine samples underwent testing on the MTS Renew. Each group of 
samples were given a specific name (for example, 2x25010 was given for those with the 2x2 
interlacement structure with gears set at 50/10) and each denier per group were entered into 
the system. Once braids were secured within the capstan yam clamps, a “run” button was 
selected within the TestWorks software and braids were subject to force running in opposite 
directions until complete breakage or yarn breakage. 

After all braids underwent tensile testing, the summaries of information such as 
breaking strength, elongation percentage, and chord modulus were exported, along with the 
data sets for all curves. All data was then analyzed and summarized within Microsoft Excel; 
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results can be found within the following chapter. 

5.2 Material Performance Studies 

Three differing materials were chosen to undergo quantitative testing in order to 
determine any differences in strength and elongation between materials. Those materials 
tested were provided to the College of Textiles from Unifi Manufacturing, Inc and were 
identified as draw textured polyester, Soft-tec® polyester, and polyethylene; technical yarn 
information can be referenced in Table 3 at the beginning of this chapter. 

Samples of the yarns themselves were collected and reserved for initial tensile testing 
to determine if any discriminative differences existed among materials. Once determined, 
braids were constructed from one material alone and then combinations of all materials. 

Table 5: Braid Combinations for Differing Materials 


Braided Combinations for Differing Materials 

__ _ J Polyethylene i Soft-tec_Polyester 1 _ _Textured Pojyester_ 

Cojribi nationj i_ _ } _ __ 

1 l 100%_Polyethylene _ 'lOO^SofMec 1 100% Textured _ 

_ 2 _ _ ^5% PE/25% _§oft-tec_ ^75%Joft-tec/ 2_5% PE 175% Textured/ 25°% PE _ 

3 |75%_PE/ 25% Textured_ |75% Soft-tec/25% Texjured '75% Textured/ _25% Soft-tec 

_4 '50%_PE/ 50% Soft-tec _ '50% Soft-tec/_50% PE Jo% Texture d/_50% PE_ 

_ 5 1 50% PE/_50%Jextured '5C%^oft-tec/ 50%Textured_ |50% Textured/ 50%_SofMec 

6 [25% PE/_75% _Soft-tec_ ^25_%_Soft-tec/ 7_5% PE 125% Textured/ 7_5°% PE 

7 1 25% PE/ 75% Textured 1 25% Soft-tec/ 75% Textured '25% Textured/ 75% Sof-tec 


Table 5 exhibits those braids and their material combinations that were created. 

All braids were fabricated under a 2x2 interlacement structure with a 50/10 gear 
arrangement. Due to the 2x2 interlacement configuration, twenty-four spools were mounted 
on the carrier; for all braids constructed with a 75%/25% arrangement, eighteen of the 


82 


carriers would be mounted with the material covering 75% of the arrangement, and the 
remaining six would be mounted with the other material. Those braids maintaining a 
50%/50% structure filled twelve carriers with each material, while those with a 25%/75% 
had an six/eighteen spool configuration. Those braids holding less of the polyethylene yams 
were more easily constructed due to fewer complications with stretching and breaking of the 
weak yams. 

Upon completion of braid manufacture, samples were taken to the MTS Renew 
tensile tester. Again, three samples of each specimen group were tested to determine mean 
values and standard deviation for each group; each sample was given a unique name for 
identification and assessment purposes when the data was exported. Once all data was 
collected, results were assessed and summarized in Microsoft Excel. Those results are 
reported in the following chapter. 
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CHAPTER VI 


6. RESULTS AND DISCUSSION 

6.1 Preliminary Studies 

6.1.1 Color Studies 

Patterns created from the three interlacement types were assessed for differences and 
similarities. Though a few similar patterns were developed between interlacement structures, 
the patterns could never be exact due to the differences in thread density and interlacement 
path. In addition, the diameter between braids of different interlacement structures would 
grow as each braid required more or less yarns within its structure. 

The image in Figure 57 shows an example of a pinstripe pattern that exists among all 
three interlacement patterns. One can notice the similarity of the pattern itself, but each braid 
varies with interlacement type. The top braid exhibits a lxl structure in which white picks 



Figure 57: Pinstripe Patterns Among Interlacements (Two-Color): 1. lxl Pinstripe Pattern 2. 2x1 Pinstripe 
Pattern 3. 2x2 Pinstripe Pattern 

are evenly distributed among brown picks. The formation of this pinstripe pattern can be 
easily understood; as all brown spools moved clockwise and all white spools moved 
counterclockwise, the over-one-under-one nature of the lxl interlacement pattern would 
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allow for one brown and then one white pick to form continuously along the braid helical 
path. 

The more randomized pinstripe pattern of the second braid in Figure 57, was created 
through a 2x1 interlacement pattern. Just as the lxl pattern was constructed by mounting all 
of one color moving clockwise and the other color moving counterclockwise, the 2x1 and 
2x2 pinstripe patterns were also constructed through this arrangement. The differing 
interlacement constructions had an effect on the layout of the pattern. With the 2x1 pattern, 
the more randomized layout of picks was achieved due to the uneven architecture of the 
interlacement. The 2x2 pattern had a more defined line down the vertical axis of the braid, 
rather than the more “dotted” line of the lxl structure. The nature of the 2x2 interlacement 
path allowed for the spools to pass over a color of its own and an opposing color at the same 



Figure 58: Thin Diamond Pattern Among Interlacements (Two-Color): 1. lxl Thin Diamond Pattern 2. 2x1 Thin 
Diamond Pattern 3. 2x2 Thin Diamond Pattern 

time, leading to the line pattern. 

Figure 58 displays the thin diamond pattern achieved among the three types of 
interlacements. As the braid added more yarns to achieve greater numbers of interlacements. 
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the length of the diamond grew due to the additional picks. The spacing between picks can be 
varied between interlacements; for example, the lxl pattern had less distance between white 
picks, forming a more defined solid line at the diamond intersection points. All thin 



Figure 59: Color Block Patterns (Two-Color): 1. lxl Pattern 2. 2x1 Pattern 3. 2x2 Pattern 

diamond patterns were created with the same spool set-up strategy; one of the spools filled 
with the diamond color moved clockwise while the other spool moved counterclockwise. 

A reoccurring pattern discovered among interlacements was a color block pattern. In 
the lxl and 2x1 patterns, the yarns formed more star- shaped blocks of color, whereas the 2x2 
interlacement created actual solid areas of color with pinstripe patterns in between. The 2x2 
braids developed a more argyle-like pattern rather than just color blocks. As the lxl and 2x1 
did not have as many yams within their carrier set-ups, the more complex argyle pattern 
could not be completed. These interlacements additionally could not complete a pinstripe 
pattern between color blocks due to their lack of yarns; rather, more helical dots occurred 
between color blocks. Larger braiders holding significantly more spools and have more 
complex interlacements have the capability to produce more defined argyle patterns; these 
braiders additionally can produce the argyles in a multitude of colors. The argyle pattern 
formed in Figure 59 was the limited pattern achievable on the Cobra 450. 
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Though following the same spool set-up configuration, different interlacements could 
produce completely different patterns. An example of this occurrence can be found in Figure 
60. To form these patterns, spools of every other color in each direction were placed in each 
direction. Another way to illustrate the arrangement was that spools were grouped in colors 
(one blue in front and one blue in back, then one white in front, one white in back). Between 
the 2x2 and lxl interlacements, the resulting patterns were very different. The lxl braid 



Figure 60: Two Color Patterns with the Same Spool Set-ups: 1. 2x2 Zig-Zag Stripe 2. lxl Alternating 

Spiral Stripe 

could not achieve the zig-zag pattern of the 2x2 braid due to the lack of the appropriate 
number of yarns. Alternatively, the 2x2 braid was unable to mimic the alternating spiral of 
the lxl structure; the only way to create a similar pattern within the 2x2 braid was to use 
three colors, as the braid had too many yarns to create the simple spiral of the lxl braid. A 
2x1 pattern with the above spool set-ups was not attainable as the 2x1 was an uneven 
interlacement structure. 

6.1.2 Thick and Thin Yarns 

Braids produced with yarns of varying diameters created many braids that were 
similar in appearance. A general observation was that slower take-up rates (smaller gear 
arrangements) produced tighter helical structures among boucle yarn studies. The more yarns 


87 


added side by side in the helical sequence created a thicker knotted structure, though the 
entire braid was much smaller in diameter. Those braids constructed with boucle spools 
traveling in opposing directions created structures with a somewhat wavy path. 

Between interlacements, boucle structures did not vary much other than in diameter 
size. Each interlacement was capable of producing a helical or wavy structure through 
various gear arrangements due to the simple spool arrangement. As these structures were not 
dependent on the amount of yarns available to the interlacement, each structure was 
attainable between interlacements. Lastly, those structures created from boucle and Antron 
Lumena yarns resulted in straight, bulky braids. As the thick Antron Lumena yams were 
implemented between boucle knots, the structure did not maintain the helical shape, rather 
the braid become more uniform. 


6.1.3 Structural Braid Studies 


Structures formed after the introduction of rigid monofilament yarns were found to 


cause the resultant braid structure to straighten and follow the rigid path of the monofilament. 



Figure 61: Monofilament and Wire Structures: 1. Monofilament and Polyester Braid. The monofilament 
pulls the polyester picks inward. 2. Wire and Polyester Braid. The wire expands the polyester picks to 
produce a more open, hollow structure. 
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Close observation noted the parallel alignment of braid picks to the monofilament yam; when 
these yarns were integrated within the braid structure, it was as if the monofilament acted as 
the vertical braid axis for picks to align with. 

Those braids fabricated with metal wires had the opposite effect on the final structure; 
the metal remained bent and conformed to the spool and helix of the braid. Therefore, the 
wire maintained a bent structure and caused the braid to expand, whereas the monofilament 
pulled the braided structure in. These properties of the differing materials could be explained 
by their different elastic recovery; the metal structure was malleable and conformed to its 
surroundings, while the monofilament preserved its shape and sprung back. These 
differences in materials can be viewed in Figures 61. Expansion properties of wire can be 
dramatically seen in the hollow structures wires created. 

Monofilament yarns proved extremely difficult to work with on the Cobra 450 
braider. The unwinding of the yarn from the spool would cause tangling between spools. 

Table 6: Braid Measurements for all Interlacements 
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which in turn would cause the machine to stop and shut down. Though one spool was 
successfully integrated within this study, this type of yarn would be greatly advised against 
for use on the Cobra 450 as it would cause great problems of inefficiency and slow 
production. 

6.2 Experimental 

6.2.1 Interlacement Studies 

An experimental design was constructed to determine if there were any differences 
among interlacements (lxl, 2x1, 2x2) when braids were designed from the same materials 
(100% Polyester, 150 denier yams). Before conclusions could be made about the three 
interlacement types, any changes between take-up rates among interlacements were first 
analyzed. In order to make any conclusions about differences in take-up rates, the resultant 
braid angles and diameters had to be analyzed. Table 6 shows the results for each take-up 
rate for all interlacements, while Figure 62 exhibits braid angle measurements between 
interlacements. 


Braid Angies Among Interlacements and Take-Up Rate 
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Figure 62: Braid Angles Between Interlacements for Each Take-Up Rate 
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As previously mentioned, picks per inch were chosen to represent the take-up rate of 
the braids in the following figures and analysis as they were deemed as the appropriate 
measure by Douglas (1963) and Omerglu (2006). Oftentimes, braid take-up is referred to by 
its angle, rather than picks per inch. Brunnschweiller (1953) describes the relationship 
between the two properties when he states that the pick spacing determines the braid angle 
and both properties are used to represent take-up and haul off. While either of the properties 
could be used to describe take-up, picks per inch were chosen as a previous study by Jou 
(1987) utilized this method. Additionally, picks per inch can more easily be referred to on the 
Cobra 450 and Steeger USA machinery when choosing gears to change the take-up rate. 

It was observed that the faster the take-up rate (twelve picks per inch), the straighter 
the braid picks and lower braid angle. Additionally, the faster the take-up rate, the larger the 
diameter when removed from the machine. Between interlacements, the greater amount of 
spools, the greater the braid angle. In other words, the lxl braid had the least amount of 
spools (therefore the least amount of yarns), so it had the lowest braid angle overall. Figure 
63 displays the relationship between braid angle, braid diameter, and picks per inch (take-up 
rate) for lxl braids. It can be seen that as the picks per inch increased, the braid angle 
increased as the braid diameter decreased. This was a common trend observed among all 
interlacement structures. 
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Figure 63: lxl Braid Measurements (Picks Per Inch, Diameter, and Angle) 


Tensile properties were examined between gear settings (picks per inch) of each 
interlacement type. The lxl mean tensile values among picks per inch were first examined 
and can be found in Figure 64. The mean peak loads (g) for lxl interlacements did not have 
a defined trend among gear changes, however a noticeable drop in strength could be found 
when the gears were switched to produce a braid with 33 picks per inch and above. This 
drop in strength was a hypothesized result of the difficulty in braid formation at these very 
slow take-up rates. Oftentimes, when the take-up rate was very slow, the interlacement at the 
braid point could not form fast enough and the braid would buckle. When the braid buckled, 
damage could occur to separate threads and result in a loss in strength. 

The elongation (mm) of the lxl interlacements appeared to increase with each change 
in gear setting (picks per inch). For example, as the faster take-up rate (12 picks per inch) 
was switched to those of a much slower take-up rate (29 picks per inch), the elongation of the 
sample appeared to increase. This phenomenon may have occurred due to packed 
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interlacements of the slower take-up rates and lower gears; when the faster take-up rates 
allowed the threads to pull up and stretch, the slower take-up rates packed in the threads, 
giving them more room to extend when stretched. At a certain point (33 picks per inch) 
however, the elongation appeared to drop. The drop may have been a consequence of 
damaged fibers within the braid, as in the same case as the drop in strength at very low gear 
settings. 



Figure 64: lxl Tensile Values 


The strain at break follows the same trends as the elongation as this property 
correlates with elongation. A review of the braid modulus found that a drop in strength was 
consistently found among each gear change (and subsequent change of braid picks per inch). 
A table with complete data and mean values for the lxl interlacement can be found in 
Appendix B. 
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2x1 interlacement results were then analyzed. The mean peak load (g) was found to 
drop after the initial 36,062.9 g at twelve picks per inch while the mean elongation (mm) 
rose. Again, the elongation dropped after a certain point, which in the case of the 2x1 
interlacement, was at 44 picks per inch. The drop in strength from the fastest take-up speed 



Figure 65: 2x1 Tensile Data 


(12 picks per inch) to all the other speeds could be explained by the braid angles for all take- 
up rates. In the case of all braid interlacements, the fastest take-up speed resulted in the 
lowest braid angle, with picks lying the most parallel to the braid axis. As the picks become 
straighter, the braid becomes stronger. Therefore, as the take-speed became slower, the braid 
angle increased, allowing the picks to lie more perpendicularly to the braid axis, resulting in 
a decrease in strength. The modulus followed the same trend as the lxl interlacements 
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structures in that the measurement decreased with an increase in picks per inch (with the 


exception of a few outliers). Figure 65 displays these results. 


Load vs. Picks Per Inch 


Elongation vs. Picks Per Inch 




Picks Per Inch 


Picks Per Inch 


Strain at Break vs. Picks Per Inch 


Modulus vs. Picks Per Inch 




Figure 66: 2x2 Tensile Data 


The 2x2 interlacement followed the same trend as the 2x1 braid in that the peak load 


dropped after the intial take-up rate of twelve picks per inch while the elongation rose to a 


certain point, and then dropped. Again, the modulus followed the same trend as the other 


interlacement structures. Generally, when studying yarn tensile strength, a common 


observation is that as the tenacity increases, the elongation decreases and vice versa. This 


tendency can be found in the case of braids as well. Figure 66 shows results for 2x2 


interlacements. 
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Once variances among gear settings were analyzed, the next study was to determine 
the tensile results among interlacements. A common trend was found when interlacements at 
the same gear arrangements where studied: the tensile strength and elongation both rose as 
more threads were added to the braided structure. To further explain, the lxl braids had the 
lowest tensile strength and elongation, the 2x1 interlacements were in between the 2x2 and 
lxl braids, and the 2x2 structure had the highest strength and elongation. Thus, it can be 
determined that since the yarns held the same physical properties, the only variable among 
braids was the amount of that material being used. Naturally, the more material used, the 
higher the properties will be. Figure 67 exhibits the curves for the three interlacements. 
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Figure 67: Curves for all Interlacements 
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6.2.2 Material Performance Studies 


Once it was determined that interlacement type only affected tensile features when 


more of the material was added, it was decided to test braids of differing materials. As 


previously mentioned, the draw textured polyester, Soft-tec® polyester, and polyethylene 


yarns were constructed into 


Table 7: Tensile Data for Yarns 


braids of various mixtures and 
then were exposed to tensile 
testing. 

Materials were first 
tested with a 100% content. For 
example yarns of each material 
were first tested alone, then 2x2 
braids comprised of 100% of 
the material underwent tensile 


Summary of Tensile Test Data (Yarns) 
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testing. When the yarns were analyzed, it was found that draw textured polyester held the 
highest strength with the lowest elongation. The Soft-tec and polyethylene were somewhat 
comparable in strength, though the polyethylene had a much higher elongation than the Soft- 
tec yarn. It is important to note that the polyethylene yarns were extremely unpredictable and 
would easily stretch and break. When the comparing the fiber modulus, one could see that 
the modulus of the polyethylene was considerably lower than both the textured polyester 
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and Soft-tec® polyester. The yarn 
often would start to stretch and 
damage before it would begin to 
break. Due to the unreliability of the 
yarn, the results greatly varied from 
the three different specimens. In 
Figure 68: Yarn Stress/Strain Curve terms of elongation, the polyethelene 

had the highest value, though the unpredictability of the yarn tended to compromise the 
conclusion. Table 7 shows the values for the yarns, while Figure 68 displays the curves of the 
materials against each other. 



Braids comprised of 100% of each material were examined next. As in the case as 
the yams, the draw textured polyester had the highest strength, followed by the Soft-tec 
polyester, and the polyethelene 

braid as the weakest. In terms 
of elongation, the Soft-tec 
polyester had the largest mean 
value, though the polyethelene 
braid had around the same 
value. Both the Soft-tec and 
polyethylene had a much more 
significant increase in 
elongation over the draw 


Table 8: Braid Tensile Data 


Summary of Tensile Test Data (Braids) 
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textured polyester braid. Figure 69 
shows the curves for these samples, 
while Table 8 displays the data. 

When comparing the yarns 
to the braids, a ratio was utilized to 
find differences in the the two 
r . . „ structures’ properties. When 

dividing yarn strength over braid strength for the polyethylene samples (465.87/2903.67), it 
was found that the yarn represented 16% of the braid’s final strength, or when an inverse was 
taken, the braid was 6.25 times stronger than the individual yam. The same ratio was used in 
elongation comparisons: yam elongation was divided over the braid elongation. In the case 
of the polyethylene samples, the result was 2.42 because the yam elongation was higher than 
the braid elongation. This could be explained by the great variance in the yam; it appeared 
when the yarns interlaced together to form the braid, the properties became less variable. 

When comparing the textured polyester samples, it was found that the yam 
represented 4% of the braid strength. In other words, the braid was twenty-five times stronger 
than the yam. When 

scrutinizing the elongation 
ratio, it was found that the 
braid had 1.2 times more 
elongation than the yarn 


Table 9: Yarn and Braid Ratios 


Yarn and Braid Property Comparisons 
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Table 10: 75% Braid Combinations 


with a ratio 
result of 0.83. 
Finally, the 
Soft-tec® 
samples also 

had a strength ratio of .04. The elongation ratio for Soft-tec samples was 0.8, meaning that 
the braid had 1.25 more elongation than the yarn itself. All ratio results can be referenced in 
Table 9. 

The braids constructed from various combinations of materials were next to be 
analyzed. Table 10 represents the mean values of all braid combinations possessing 75% of 
one material, while Table 1 1 exhibits those mean values of 50% braid combinations. Figures 
70 and 71 show the curves for all braid combinations. 

Trends found within the yarns and braids constructed with 100% of each material 
were reflected in the combination 
braids. Those braids constructed 
with 75% of the textured 
polyester remained the strongest 
braids, followed by Soft-tec, and 
then polyethylene braids. In 

terms of elongation, it was found 

Figure 70: 75% Braid Combination Curves 
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Mean Tensile Values (75% Braid Combinations) 
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tec yarns had the highest elongation and the textured had significantly less stretch. 

The same similarities were found in 50% braid combinations; those with textured 
yarns had higher strength values, while those with polyethylene and Soft-tec yarns had higher 
elongation properties. An observation was made when reviewing both the data for 50% and 
75% braid combinations. It was found that the 50% braid combinations had the same tensile 
properties as three of the 75% braid combinations, those being: 75% PE/ 25% Soft-tec, 75% 
PE/25% Textured PET, and 75% Textured PET/25% Soft-tec. 

Table 11: 50% Braid Combinations 


Mean Values of Tensile Test Data (50% Braid Combinations) 
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Figure 71: 50% Braid Combination Curves 
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CHAPTER VII 


7. CONCLUSIONS 

The main objective of this experiment was to discover the multitude of possibilities in 
fancy braid creation through spool manipulation, variances in materials, and varying 
interlacement types when utilizing a simple Maypole braider. The Cobra 450 braider was 
chosen for the creation of all fancy braids and through material selection, placement, and 
processing parameter control, the apparatus was manipulated in order to produce an 
assortment of braids that delved into a variety of the machine’s capabilities. 

Even though the study explored many potential avenues for fancy braid creation, a 
wider variety of materials and spool arrangements could allow for many possibilities that 
exceed those trials undergone within the present study. Those braids fabricated within the 
preliminary studies have much potential for design applications. In the case of pattern 
development, a variety of braid manufacturers could allow the client to choose from an 
offering of available patterns for many applications, even industrial products. Braids 
fashioned for trimmings, shoelaces, curtain ties, etc would greatly benefit from pattern 
choices; choosing the suitable interlacement type and spool number has proven to be of great 
importance and would apply to all desired patterns. 

Certain conclusions were drawn at the end of each study within the present research. 
Preliminary work met all objectives of fancy braid creation in that yarns of differing fiber 
content and color were implemented, along with studies in interlacement structures and spool 
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placement. Replacing yarns with those of differing colors led to a diverse range of patterns. 
With each movement or replacement of spools, a variety of patterns were created. 
Additionally, the alternation of interlacement structures allowed for a greater assortment of 
patterns. 

Material selection was found to have a great impact on the structure of the braid. It 
was found that those braids constructed with thicker fancy yarns created a helical structure as 
the thicker yarn travelled around its circular path. It was also shown that the incorporation of 
elastane could produce this affect. When braids included a rigid monofilament, the braided 
structure became more “pulled in” with straighter pick alignment (low braid angle), whereas 
wire yarns caused the braid to expand with higher braid angles. 

Quantitative studies were able to address the importance of material selection and 
interlacement structure through physical testing. Trends were identified among take-up rate 
and tensile properties. Across all interlacements, strength appeared to decrease as the picks 
per inch increased (or the take-up rate decreased) while the elongation and strain at break 
showed the opposite trend. Finally, the braid modulus had a steady decline as the picks per 
inch increased. When interlacement types were compared against each other, it was found 
that the higher the number of component yarns, the stronger and higher elongation the braid 
possessed. 2x2 braids held the highest strength and elongation, while lxl braids were the 
weakest and had the least amount of elongation. 

Tensile studies of those braids made from a combination of differing materials 
identified certain tendencies as well. Yams and braids with a content of 100% Draw 
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Textured Polyester were found to have the highest strength with the least amount of 
elongation. 100% Soft-tec Polyester and Polyethylene were found to have comparable 
strength when tested as a yam, though as braids, the Soft-tec braid had much higher strength 
than the Polyethylene. Polyethylene braids and yarns had the highest elongation of all three 
materials when tested as a yarn, though as a braid, the elongation values were similar to the 
Soft-tec braids. 

Trends found within the yarns and braids constructed with 100% of each material 
were reflected in those braids created with a combination of all materials. Braids constructed 
with 75% of the textured polyester remained the strongest, followed by Soft-tec, and then 
polyethylene braids. In terms of elongation, it was found that the polyethylene and Soft-tec 
yarns had the highest elongation and the textured had significantly less stretch. The same 
similarities were found in 50% braid combinations; those with textured yams had higher 
strength values, while those with polyethylene and Soft-tec yarns had higher elongation 
properties. 

Structural effects could have diverse applications with many different products. By 
integrating thicker yarns with thin yarns or applying rigid structures, the braid’s architecture 
could be proven useful for stmctures that need more abrasion, strength, etc ( Indeed during 
this research a project was undertaken in a capstone undergraduate class which developed a 
braid that could be used for cleaning the bore of a gun barrel. This needed both 
abrasiveness and absorbency to scour and polish the bore). Additionally, stmctural effects 
could produce some interesting aesthetics for design applications. The integration of thicker 
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yarns with thin yams or fancy yarns within the structure create many interesting and 
aesthetically pleasing forms; those materials that provide shrinkage such as the elastane and 
polyethylene also create many interesting aesthetic forms. The potential for these structures 
are vast and could be further explored. 

Material studies exhibited the importance of materials chosen for braid performance 
and how the mixture of those properties affects the entire product. As the availability of 
materials with extreme physical properties are endless, the opportunity for a more in-depth 
study of materials would be a recommended study for further research. 

Given that this research was a broad overview of fancy braid creation, deeper studies 
could be undergone to provide more focus in one of the areas explored in the present 
research. The materials, colors, and counts of yams utilized were limited to those readily 
available to the College of Textiles for this particular research. A more focused study of 
materials from both natural and synthetic origins in a wide range of counts could be explored. 
Furthermore, colors could be expanded to develop more patterns and patterns with more than 
three colors. 

As preliminary studies simultaneously provided training on the Cobra 450, many trial 
and error studies were carried out. Spool movements and developments of patterns and 
stmctural effects could be further explored with a more precise, methodical approach. All 
spools could be numbered and documented precisely on how the numbered spools were 
altered with each experiment. 
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Fancy braids have had almost nothing documented on their development and have the 
potential to undergo a countless amount of research. Future studies could approach this 
subject from many different aspects. 
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Appendix A - Spool Set-up Diagrams for all Braid Color Patterns 
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Appendix B - Experimental Interlacement Studies 


Mean Tensile Values (2x2 Interlacements) 
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Mean Tensile Values (2x1 Interlacements) 
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Summary of Tensile Tests Data 2x2 Interlacement 
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Summary of Tensile Tests Data 2x1 Interlacement 
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Summary of Tensile Tests Data (lxl Interlacement) 
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at Break |Modulus 


'Load (g) '(mm) 

iat Break 

'(g/denier) 

Picks Per Inch 

r 

i 




i 


Picks Per Inch j 

1 

1 

i 



(Take-Up Rate) 

l 




i 


(Take-Up Rate) i 

1 

i 

— — — — — 



12 

i 




i 


26 ' 

1 

i 


i 

Specimen 1 

l 

-f 

25457.2 

— — — 

78.74 

31.001 

23.15 

Specimen 1 j 

26680.5 

121.671 

47.90 

12.44 

Specimen 2 


25994.5 


83.31 

32.80 1 

21.45 

Specimen 2 , 

26528.1, 

122.17' 

48.10 

, 12.68 

Specimen 3 


25921 


84.58 

33.30 

22.88 

Specimen 3 i 

26710. li 

11633] 

45.80 

l 12.11 

Mean 

l 

25790.9 


82.21 

32.37, 

22.49 

Mean ' ; 

26639.57' 

120.06, 

47.27 

' 12.41 

Standard Deviatu 

291.32 

3.07 

1.211 

0.91 

Standard Deviat| 

97.66 

3.241 

1.27 

! 0.29 

14 

i 




1 


29 , 

I 

1 


, 

Specimen 1 

l 

26422.3 


91.95 

36.20 

19.75 

Specimen 1 I 

25827.11 

127.25 

50.1 

1 11.24 

Specimen 2 

I 

26612.2 


96.52 

38.00, 

19.68 

Specimen 2 1 

26144.2' 

133.35, 

_ .52,51 

' 11.56 

Specimen 3 

4 

26356.4 


96.27 

37.901 

19.18 

Specimen 3 ( 

25982.3 

129.0321 

50.8 

! 11.35 

Mean 

1 

26463.63 

1 

94.91 

37.37 1 

19.54 

Mean , ; 

25984.53, 

129.88' 

51.13 

, 11.38 

Standard Deviatid 

132.81 

l 

2.57 

1.01, 

0.31 

Standard Deviat) 

158.56' 

3.13, 

1.23 

' 0.16 

16 

1 


1 


j I 


33 | 

1 

1 


1 

■ 4 

1 

h 





i 


i 

i 

Specimen 1 

1 

26613.1 

i . 

99.06 

39.00' 

18.47 

Specimen 1 , 

23380.4, 

121.67' 

47.90 

, 10.88 

Specimen 2 

1 

26603.7 

I 

94.49 

37.20 

18.36 

Specimen 2 1 

23357.31 

119.38 

47.00 

l 10.56 

Specimen 3 

1 

26683 

i 

101.85 

40.10, 

18.88 

Specimen 3 ' 

23675.9' 

121.16, 

47.70 

' 10.22 

Mean 

, _L 

26633.27 

r 

[. 

98.47 

38.771 

18.57 

Mean J 

23471.2 

120.731 

47.53 

10.55 

Standard Deviatior, 

43.33 

i 

3.72 

] 1.46' 

0.27 

Standard Deviat, 

177.65, 

1.20' 

0.47 

0.33 

18 

1 


i 


1 

U 4 


39 l 

1 

1 


l 

Specimen 1 

l 

26653.4 

i 

106.43 

| 41.90, 

16.45 

Specimen 1 1 

21303.7' 

118.87, 

46.80 

' 9.22 

Specimen 2 

-f 
. 4 

25998.4 

r 

I. 

92.46 

36.401 

17.23 

Specimen 2 j 

21710. l]~ 

123.951 

48.80 

8.79 

Specimen 3 

1 

26202.7 

i 

96.01 

37.80 1 

16.56 

Specimen 3 , 

21236.9, 

117.09' 

46.10 

, 9.34 

Mean 

1 

26284.83 

i 

98.30 

38.70 

16.75 

Mean i 

21416.91 

119.97 

47.23 

I 9.12 

Standard Deviatior 1 

335.14 

i 

7.26 

2.86, 

0.42 

Standard Deviat 1 

256.11' 

3.56, 

1.40 

' 0.29 

20 

r 

. -i 


i 

i 


] 1 



1 

J- 

1 


1 

Specimen 1 

i 

26776.9 

i 

111.00 

43.70 1 

14.67 

Specimen 1 i 

14314.2, 

106. 17 1 

41.8 

, 8.65 

Specimen 2 

l 

26586.3 

i 

109.98 

43.30 

14.78 

Specimen 2 l 

14004.41 

105.66 

41.6 

l 8.32 

Specimen 3 

I 

26313.1 

i 

101.60 

40.00, 

14.44 

Specimen 3 1 

13651.6 1 

101.85, 

40.1 

! 7.88 

Mean 

. 4 

26558.77 

i 

107.53 

42.331 

14.63 

Mean , : 

13990.07]” 

104.561 

41.17 

| 8.28 

Standard Deviatioi 

233.12 

i 

5.16 

| 2.03 1 

0.17 

Standard Deviat) 

331.53, 

2.36 1 

0.93 

, 0.39 

23 

1 


i 


L _i 


I 

l 

1 

L 


l 

Specimen 1 

1 

■ 4 

26340.5 

i 

i 

i 

110.24 

43.40, 

13.55 

I 

t- 

l 

( 

1 

---! 

l 

Specimen 2 

. _L 

26598.8 

L 

114.55 

45.10' 

13.24 

L 

L 

1 


L 

Specimen 3 

1 

26245.1 

1 

112.52 

J 44.30 1 

13.89 

1 

1 

1 


i i 

Mean 

1 

26394.8 

1 

112.44 

44.27 

13.55 

1 

1 

L 


1 : 

Standard Deviatioj 

183.00 

1 

2.16 

| 0.85| 


1 

1 

1 
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Appendix C - Material Studies Data 


Summary of Tensile Test Data (75% Braid Combinations) 


Peak 
Load (g) 


Peak Elongation 
(mm) 


% Strain at i Braid Modulus 
I Break '(g/denier) 


x 


75% P_E/_25%_SofMec 

_ Specimen 1_ _ __ 

Specimen 2 


\ 

75.80|_ 

59.00 1 


3946.5\ 

3597.71 


192.53^ 

149.86^ 


_2. 74 
2.99 


J>p_edmen 3 _ 

JVlean _____ 
Standard Deviation 


129.79' 
157 .401 

32.O4I 


_5Lioj 


3.32 

_3.02 

0.29 


61. 97 1 
12.611 


r 

[ 

39.00|_ 

38.50i_ 
29.00 1 


75% P_E/_25%_Text_u red 

Specimen _1 _ _ _ _ 
Specimen 2 _ 
_Specimen3_ _ _ _ 
_Mean_ __ _ 

Standard Deviation 


_99.06^ 

_97.79| 

73.66[ 

90.17[ 

14.311 


_4.33 

_5.34 

5.93 

5.20 

0.81 


jsjqJ 


5.63, 


75% Textured/ 25% Soft-tec 


i 


_Sp_echrien_l _ 
J>p_edmen 2 _ 
S_pe_cimen3_ _ 
Mean 

Standard Deviation 


J.4834.9 
_14829.4T 
_ 14921.5 1 
_14861.9_3| 
51.66 1 


62.23( 

62.741 

_63.25| 

62JA\ 

0.5V 


24.50 


_24_7oJ 


_26. 70 
_25.18 
26.44 
26.11 
0.81 


24.90|_ 

24.701 


0.20 


-l- 

l 

2_8.00i_ 

31.101 


75% Textured/ 25% PE| 

Specimen 1 _ _ _ 
Specimen 2 _ 
_Specimen3_ _ 

Mean 


_ 13222J. 
_ 13179.4 
_13150.7 
13184.07 


7V12\ 

_78.99| 

61.2l| 

70.441 


25.69 

24.36 

_2412 

24.72 


24. 10 
4 


_27 1 73 1 


Standard Deviation 


35.93i 


8.91 


3.51i 


0.85 


75% Soft-tec/ 25% Textured 


21.90J 


J>pjdmen_l 
Specimen 2 


7990. 2_ 
8511.2 


55.63 

56.90 


_29.51 

30.25 


22.40 


S_pe_cimen 3_ 
Mean 


8741^1 
8414. 27 1 


_60.96 

57.83 


24.001 

22.77 1 


29.26 

29.67 


no 1 


Standard Deviation 


384.87 


2.79 


0.51 


75% Soft-tec/ 25% PE 


Specimen 1 

\ 4988. 9 1 

108.97 

1 42.901 

5.87 

Specimen 2 

| 7707.6] 

174.24 

1 68.60 1 

5.95 

Specimen 3 

! 7415.2 

167.64 

66.0o| 

5.36 

Mean 

| 6703.91 

150.28 

1 59.17, 

5.73 

Standard Deviation 

j 1492.41 j 

35.93 

1 14.151 

0.32 
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Summary of Tensile Test Data (50% Braid Combinations) 

iPeak 
'Load (g) 

iPeak Elongation |% Strain at 1 Braid Modulus 
'(mm) | Break |(g/denier) 

50% PE/ 50% Soft-tec 

Specimen 1 i 3946.5 

Specimen 2 1 3597.7 

192. 53 1 75.80 2.74 

149.86| 59.00 2.99 

Specimen 3 1 3530 

H" 

Mean , 3691.4 

Standard Deviation i 223.50 

129.791 51.10 3.32 

157.40' 61.97 3.02 

32.04| 12.6l| 0.29 

50% PE/ 50% Textured 1 

1 

1 

Specimen 1 "j 4666.9 

Specimen 2 , 4915.1 

Specimen 3 1 4661.7 

Mean 1 4747.9 

99.061 39.00^ 4.33 

97.79' 38.50 5.34 

73.66| 29.00 5.93 

90.17, 35.50 1 5.20 

Standard Deviation "J 144.82 

14.311 5.63 0.81 

50% Textured/ 50% Soft-tec | 

Specimen 1 1 14834.9 

Specimen 2 1 14829.4 

Specimen 3 | 14921.5 

Mean , 14861.93 

Standard Deviation l 51.66 

62.23| 24.50 26.70 

62.74, 24.70 25.18 

1 63.251 24.90| 26.44 

62.74 1 24.70 26.11 

0.5l| 0.20 1 0.81 
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Summary of Tensile Test Data (Polyethylene Samples) 


Peak Load (g) Peak Elongation (mm) 


i% Strain at 
Break 


i Braid Modulus 
(g/denier) 


100% PE _ 

Specimen 1 


2875.1 


L _l 


181.861 

147.57 

JL58.75 

162.731 

17.49 


2.73 

3.29 


Specimeji 2_ 
Specimen 3 


_28803i 

2955.6' 


3.2_1 

338 

0.30 


Mean 

Standard Deviation 


_ 2 ^? 3 j _ 67 

45.05, 


75% P_E/25% Textured 

Specimen 1 


l 


4666. 9 1 


99.06 


39.00 


4.33 


Specimen 2 
Specimen 3 


4915.1 

4661.7, 


_97.79 

73.66' 

90.17 

14.31 


38.50 


_534 

5.93 


Mean _ _ __ 
Standard Deviation 


_47473l 

144.82' 


5.20 

0.81 


r 

■ ^ 

3946.5, 


75% PE/ 25% Soft-tec^ 

Specimen 1 


192.53 

JL49.86 

129.79 

157.40 

32.04 


2.74 

2.99 


_Sp_ecj_men 2 
Specimen 3 


3597.71 _ 
3530' 


332 

3.02 

0.29 


Mean 

Standard Deviation 


3691.4 4 


223.50 


50% PE/_50%_T extu red | 

Specimen 1 


l 


7809.7 


_76.71| 

_74.17 

74.93 

75.27 

1.30, 


_9.77 

10.23 

9.56 


S_pe_cimen 2_ 
Specimen 3 


7857. 3 4 
7205.7, 


Mean 

Standard Deviation 


7624.231 


9.85 

0.34 


363.24 


-I- 


50% PE/ 50% Soft-tec 


Specimen 1 


_637i : _2i_ 

5746.2' 


_199.14 

_1SS.7_2 

189.48 

192.45' 

5.81 


3.36 

3.89 


_Sp_ecj_men 2 
Specimen 3 


5805.1 


337 

331. 

0.27 


Mean_ _ _ 
Standard Deviation 


_59_74 1 17_ i 


345.10i 


25% PE/ 75% Textured 

Specimen 1 


l 


_13_222.l| 

13179.4, 


71A2\ 

78.99' 


28.00| 

31.10| 


2039 

18.35 


Specimen 2 


Specimen 3 


_ L 3130 J'_ 

13184.07' 


61.21 

70.44 


_24_ 1 10 

27.73 


2036 

19.80 


Mean 


Standard Deviation 


35.93 


8.91 


3.51 


1.27 


25% PJ/_75%_Soft-tec 

Specimen 1 


_49883!_ 

7707.6' 


_i08.97 

174.24 

167.64! 

_!50.28 

35.93 


_42 4 9q 

68.6OI 


5.87 

_S.9S 

_536 

5.73 

0.32 


S_pe_cimen 2_ 
Specimen 3 


7415. 2 4 
6703.9, 


66.00 

_59_17 

14.15 


_Mean _ _ _ = 

Standard Deviation 


1492.411 
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Summary of Tensile Test Data (Textured Polyester Samples) 


Peak Load 
(g) 


Peak Elongation (mm) 


% Strain at | Braid Modulus 
Break j (g/denier) 


100% Text ured Polyester 

J>pedmen_l _ _ __ 

_ Specimeji 2_ _ _ 

_ Specimeji 3_ 

_Mean _ _ _ __ 

Standard Deviation 


17823.1, 


61.72 
_6 L 98| 
_63.25 
62. 3 1 
0.82 


24.30, 


27.92 

24.93 
28.11. 

_26.99 

1.78 


17575. 9 1 
17835.9' 


_24.40i 

24.90' 


17744.97 


24.53 


146.56 


0.32, 


75% Text ured /25% PE_ 

Specimen 1 


l 


13222.1' 


71.12 


28.00' 


25.69 


13179.4| 

78.99 

r 

\- 

31.10 j 

24.36 

13150.7, 

61.21 


24.10, 

24.12 

13184.071 

70.44 


27.731 

24.72 

35.93 1 

8.91 


3.51' 

0.85 


Specimen 2 _ 
Specimen 3_ __ 

Mean 

Standard Deviation 


T " 

4 - 


T " 

— — 4 - 
24.50, _ 

24.701 


75% Textured/ 25% Soft-tec 

_Sp_eci_men_l _ 

_Sp_eci_men 2 _ 

_ S_pe_cimen 3_ 

_ Mean_ _ 

Standard Deviation 


14834.9' 

14829.41 


_62.23 

_62.74 

63.25 

62.74 

0.51 


26.70 

25. J .8 

_26.44 

26.11 

0.81 


14921.5 


24.90 


14861 ^ 3 ^ 

51.66| 


24 ^ 0 ^ 

0 . 20 | 


50% Textured/ 50%J>E_ 

_ S_pe_cimen 1_ _ _ 

_ S_pe_cimen 2 __ 

_Sp_eci_men 3 _ 

_Mean _ _ _ __ _ 

Standard Deviation 


I 


I 


7809.7 


7 6.71 
74.17 
_74.93 
_75.2 7 
1.30 


30.20 


_ 9.77 
10.23 
_9.56 
_9.85 
0.34 


7857.3, 


29 ^ 0 ^ 
29.50' _ 
29.63' 


7205.7' 

7624.23' 


363.24 


- I — 

± 

11846.7' _ 

11804.3' 


0.51 


- I - 

I L 

_24.10| _ 

24.70' 


50% Textured/ 50% Soft-tec 

_Sp_eci_men 1 _ _ 

_Sp_eci_men 2 _ _ 

_ S_pe_cimen 3 

Mean 


_6: L.21 
_62.74 
62.99 
62.31 


28.58 

26.96 

_27.05 

27.53 


11896.1 


24.80 


11849.03, 


24.53, 


Standard Deviation 


45.94i 


0.96 


0.38i 


0.91 


25% Textured/ 75% PE 

_ S_pe_cimen 1_ 

Specimen 2 


l 


4666.9 


99.06 

97.79 


39.00 


4.33 

5.34 


4915.1 


38.50 


_Sp_eci_men 3 _ 
Mean_ __ 
Standard Deviation 


4661.71 

73.66 


29.001 

5.93 

4747. 9 1 

90.17 


35.50' 

5.20 

144.82' 

14.31 

r 

5.63' 

0.81 


=+- 


-h 


25% Textured/ 75% Soft -tec 

_Sp_eci_men i_l _ __ 

_ S_pe_cimen 2_ _ _ _ 

_ S_pe_cimen 3 _ _ __ 

Mean 

Standard Deviation 


l 


l 


7990.2! 

8511.2' 


_55.63 

56.90 

60.96 

_57.83 

2.79 


21.901 

22.40 1 


29.51 

30.25 

_29.26 

29.67 

0.51 


_ 8741.4 ^ 
8414.27, 


24 ^ 0 ^ 

22.77, 


384.871 


1.101 
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Summary of Tensile Test Data (Textured Polyester Samples) 



Peak Load | Peak Elongation (mm) |% Strain at iBraid Modulus 

(g) | Break |(g/denier) 

100% Soft-tec 

— i 

Specimen 1 
Specimen 2 
Specimen 3 
Mean 

-| 

Standard Deviation 

11451.3! 168.91 66.50' 41.43 

11412.91 167.13 65.80 1 40.75 

10981.81 156.72 61.70, 42.43 

11282 1 164.25 64.67| 41.54 

260. 69! 6.59[ 2.591 0.85 

75% Soft-tec/25% PE 

Specimen 1 

' 1 J 

4988. 9 1 108.97| 42.90, 5.87 

Specimen 2 
Specimen 3 

7707.6] 174.24] 68.601 5.95 

7415.2, 167.64 66.00 1 5.36 

Mean 

Standard Deviation 

6703.91 150.28 59.17] 5.73 

1492.41 1 35.93( 14.15, 0.32 

75% Soft-tec/ 25% Textured 

Specimen 1 
Specimen 2 
Specimen 3 
Mean 

Standard Deviation 

i 

7990.2, 55.63 21.90 1 29.51 

8511.21 56.90 22.40] 30.25 

8741. 4 1 60.96 24.00| 29.26 

8414.27] 57.83 22.771 29.67 

384.87, 2.79[ 1.10 1 0.51 


50% Soft-tec/ 50% PE 

Specimen 1 
Specimen 2 

l 

6371. 2 1 
5746.2 

199.14] 

l 

J 

78.40| 

3.36 

188.72 

74.301 

3.89 

Specimen 3 

5805. 1| 

189. 48 1 

74.60 1 

3.57 

Mean 

5974.171 

192.45 

75.77] 

3.61 

Standard Deviation 

345. 10 1 

1 

5.81 

2.29| 

0.27 


50% ^o_ft-tec/ JjO%Jextured_ 


Specimen 1 


11846.7| 

61.2l| 

24.10 1 

28.58 

Specimen 2 


11804. 31 

62.74| 

24.70, 

26.96 

Specimen 3 

-1 

11896. 1 1 

- — — — — — 

62.99] 

24.80i 

27.05 

Mean 

j 

11849. 03j_ 

62.31 

24.531 

27.53 

Standard Deviation 


45.94i 

0.96| 

0.38| 

0.91 

25% Soft-tec/ 75% PE 


l 


1 

| 


Specimen 1 

1 

H 

3946. 5| 

192.53 

75.801 

2.74 

Specimen 2 


3597.7, 

149. 86 1 

59.00 1 

2.99 

Specimen 3 


35301 

129. 79 j 

51.10] 

3.32 

Mean 


3691.4 1 

157.40] 

61.97, 

3.02 

Standard Deviation 

1 

223. 50 T 
1 

32.04| 

12.611 

0.29 

25% Soft-tec/ 75% Textured 

1 

1 

1 


Specimen 1 


14834.91 

62. 23 1 

24. 50] 

26.70 

Specimen 2 


14829.4 1 

62.74] 

24.70, 

25.18 

Specimen 3 

“I 

-\ 

14921. 5[ 

63.25j 

24.901 

26.44 

Mean 


14861.93, 

62. 74| 

24.70 1 

26.11 

Standard Deviation 


51.661 

0.5lj 

0.20] 

0.81 
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